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SUMMARY 
Soil environment is composed of biotic and abiotic components. The 
environmental behaviour of pesticides is dependent on the interaction between 
pesticide molecules and the soil complex. These interactions influence the efficacy of 
pesticides and their ultimate fate in the environment. The United States 
Environmental Protection i'Agency. • (-USEPA) has proposed guidelines for the 
registration of pesticides-requiring adsorj^iQif and movement studies of pesticides on 
•'A ' ""' h^ 
soils with certain liSes, because adsorpJi6p'' affects the effective pesticide action, 
persistence, degradation, movement, bioavailability, volatility, leachability and 
translocation of pesticides in soils. 
Surfactants are one of the widely used families of organic compounds, being 
used in different formulations in a lot of industries like cosmetic, personal care, 
household, painting, coating, textile, dyes, polymer, food, pesticides and oils. 
Surfactants used in formulations play a very significant role for environmental 
interest, because after use, a major portion is disposed into waste waters and 
eventually reach natural waters. Surfactants are widely used because of their two 
essential properties: their ability to reduce the surface or interfacial tension, and their 
capacity to solubilize water insoluble compounds. Much attention is now been paid to 
study the effects of surfactants on the adsorption of some hydrophobic organic 
compounds (HOCs)/pesticides on soils, when both coexist in soils as a result of 
human activity. Surfactants can increase the solubility of HOCs/pesticides by 
partitioning it into the hydrophobic cores of surfactant micelles and may represent an 
important tool in chemical and biological remediation of contaminated soils and 
sediments. 
Besides surfactants, for the remediation of pesticide contaminated soils, many 
accessible physical, chemical and biological technologies can be applied, like the use 
of cyclodextrins. Cyclodextrins are cyclic oligosaccharides, containing 6 (a-CD), 7 
(P-CD) or 8 (y-CD) a-(l, 4)-linked glucose units, formed from the enzymatic 
degradation of starch by bacteria that are able to form inclusion complexes with 
organic compounds in solution, increasing their water solubility. It has been also 
shown that molecular encapsulation by cyclodextrins increased the bioavailability of 
polycyclic aromatic hydrocarbon compounds (PAHs) and pesticides, enhancing 
bioremediation. 
The subject of the thesis entitled "Studies on the Interaction of Pesticides in 
Soil Environment" has been divided into the following six chapters: 
1) General Infroduction. 
2) Adsorption and Movement of Carbofiiran in Four Different Soils Varying in 
Physical and Chemical Properties. 
3) Effect of CPC, Brij-35 and SDBS Surfactants on the Adsorption and 
Movement of Carbofiiran in Indian Soils. 
4) Effect of p-Cyclodextrin on the Adsorption and Desorption of Carbofiiran in 
Soils of Divergent Texture. 
5) Adsorption Thermodynamics of Carbaryl on Four Texturally Different Indian 
Soils. 
6) Effect of CPC, Brij-35 and SDBS Surfactants on the Adsorption and 
Movement of Carbaryl in Indian Soils. 
The first chapter is general introduction covering the background of the work 
presented in this thesis. 
The second chapter deals with studies conducted to determine the adsorption 
and movement of carbofuran on four divergent textured Indian soils at fixed volume 
fi-action (fs = 0.1) of methanol-water mixtures by using batch equilibrium and soil 
thin layer chromatography techniques. The measured equilibrium adsorption 
isotherms for F.R.I, silt loam and Alampur silt loam and Kalai loam soils were of L-
shaped and for Bhoran sandy loam soil S- shaped and are in close agreement to 
Freundlich isotherm. Higher adsorption of carbofuran was observed on F.R.I, silt 
loam soil followed by Alampur silt loam, Kalai loam and Bhoran sandy loam soils as 
anticipated by the values obtained for the Freimdlich constant, KF and partition 
coefficient, KQ. The Frontal Retardation factor (FRf) values obtained fi-om soil TLC 
studies were inversely proportional to KF and KD values. The affinity of carbofuran 
towards organic carbon, organic matter and clay content of the soils was evaluated by 
calculating KQC, KQM and Kc values. The negative magnitude of Gibbs free energy 
(AG) indicates the spontaneity of the adsorption of carbofuran on the soils studied. 
The leaching index (LI) of carbofuran calculated for soils studied indicated its high 
potential to leach to shallow aquifers and ground water. Pearson's correlations 
calculated for KF and KD against soil properties showed highly significant correlation 
with clay + silt content of the soils. Multiple regression of the KF and KD against soil 
properties indicated that mineral content of the soils (clay and clay + silt) is the best 
predictor of carbofuran adsorption followed by soil pH. Predicted log KQM values 
were also evaluated by using aqueous solubility, 1-octanol/water partition coefficient, 
Kow, adsorbability index (AI), and first order molecular connectivity index ('x ) of 
carbofuran. Use of aqueous solubility, 1-octanol / water partition coefficient, Kow to 
predict adsorption gave values of considerable error in comparison to those measured 
experimentally, whereas the use of adsorbability index (AI) and first order molecular 
connectivity index ('x) of carbofuran improved the predictions considerably. 
The third chapter describes the adsorption and movement of carbofuran in 
aqueous surfactant tree and surfactant [(cationic, cetyl pyridinium chloride (CPC), 
non-ionic, polyoxyethylene lauryl ether (Brij-35) and anionic, sodium dodecyl 
benezene sulphonate (SDBS)] solutions of different critical micellar concentrations 
(1/2 X CMC, 1.0 X CMC and 2 X CMC) in four different Indian soils using batch 
shake and soil thin layer chromatography techniques. The measured equilibrium 
adsorption isotherms were in agreement with Freundlich equation. Higher adsorption 
of carbofuran in both systems was observed on F.R.I, silt loam soil followed by 
Alampur silt loam, Kalai loam and Bhoran sandy loam soils as anticipated from 
Freundlich constant Kp and distribution coefficient KD, in surfactant fi-ee systems and 
Kp* and KD*, in surfactant-soil-water systems. The adsorption of carbofuran in 
surfactant-soil-water systems followed the order: cationic > anionic > non-ionic at all 
critical micelle concentrations studied. The Rf values obtained fi^om soil thin layer 
chromatography studies confirmed above order of adsorption. The KD and KD* values 
were used to evaluate remediation efficiency (KD*/KD) of surfactants. Non-ionic 
surfactant, Brij-35 and anionic surfactant, SDBS are favorable for remediating soil 
contaminated with carbofuran as KD*/KD ratio is less than 1. 
The fourth chapter contains the studies conducted to determine the adsorption 
and desorption of carbofuran on four divergent textured soils in distilled water and 
0.0 IM P-cyclodextrin by using batch equilibrium technique. The determined 
equilibrium adsorption isotherms for F.R.I, silt loam, Alampur silt loam and Kalai 
loam soils were of L-shaped and for Bhoran sandy loam soil S- shaped in agreement 
to Freundlich isotherm. In presence of 0.0IM P-cyclodextrin, the adsorption of 
carbofuran was lowered as compared to that in distilled water in all the four soils. The 
desorption of carbofuran employing P-cyclodextrin was higher than that employing 
distilled water. Positive hysteresis was observed in all soils when distilled water was 
used as desorbent. Negative hysteresis was observed using P-cyclodextrin as 
desorbent for all soils i.e. more carbofuran was desorbed with respect to carbofuran 
adsorption isotherm. The results indicate the potential use of P-cyclodextrin for 
remediation of pesticide contaminated soils. 
In the fifth chapter, the adsorption thermodynamics of carbaryl on four 
divergent textured Indian soils from methanol/water mixtures (fg = 0.1) at 25*^  C and 
50*^  C has been investigated through adsorption isotherms, Freundlich equation, 
distribution coefficient and thermodynamic parameters. The measured equilibrium 
adsorption isotherms were L-shaped for all four soils at both temperatures. The 
adsorption of carbaryl increased with increase in temperature on all four soils. A 
higher adsorption was observed on F. R. I. silt loam followed by Alampur silt loam, 
Kalai loam and Bhoran sandy loam soils at both temperatures as anticipated from 
Freundlich constant, Kp and distribution coefficient, KD values. The affinity of 
carbaryl towards organic carbon, organic matter and clay content of soils was 
evaluated by calculating Koc and KQM values. Predicted log KQM values were also 
evaluated by using aqueous solubility, 1-octanol/water partition coefficient (Kow), 
adsorbability index (AI), and first order molecular coimectivity index ('%) of carbaryl. 
Use of AI and 'x of carbaryl gave predicted log ICOM values close to those observed 
experimentally. The thermodjoiamic equilibrium constant (Ko), standard free energy 
{^G\ enthalpy (AH )^ and entropy changes {^?P) were calculated in order to predict 
the nature of adsorption. 
In the sixth chapter, the adsorption and movement of carbaryl in absence and 
presence of aqueous surfactant (cationic, cetyl pyridinium chloride (CPC), non-ionic, 
polyoxyethylene lauryl ether (Brij-35) and anionic, sodium dodecyl benzene 
sulphonate (SDBS)) solutions of different critical micellar concentrations (0.5 X 
CMC, 1.0 X CMC and 2 X CMC) in soils was studied using batch shake and soil thin-
layer chromatography (soil TLC) techniques. The measured equilibrium adsorption 
isotherms were L-shaped and in close agreement to Freundlich isotherms. Higher 
adsorption of carbaryl in both systems was observed on FRI silt loam (FSL) soil 
followed by Alampur silt loam (ASL), Kalai loam (KL) and Bhoran sandy loam 
(BSL) soils as anticipated from Freundlich constant KD, KD* and distribution 
coefficient KF, KF* values. The adsorption of carbaryl in surfactant-soil-water systems 
followed the order: cationic > anionic > non-ionic at all CMC values studied. The Rf 
values obtained from soil TLC studies were inversely proportional to KF, KF* and KD, 
KD*values. The ratios of (KD*/KD) values were used to evaluate remediation 
efficiency of surfactants. Non-ionic surfactant (Brij-35) is favorable for remediation 
of carbaryl contaminated soils as KD*/KD ratio is less than 1. 
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Cftapter-I 
^eneraC Introduction 
Chapter-I 
GENERAL INTRODUCTION 
1.1. INTRODUCTION 
Pesticides stand out as one of the major developments of the 20* centun. 
Over last five decades, the use of pesticides to control weeds, pests and diseases has 
made an enormous contribution towards improving public health, increasing the \ield 
and quality of the world's food supply and the provision of fibres for clothing and 
other essential materials. Modem agriculture today is very much dependent on 
pesticides as production of crops on an economical scale is impossible without the use 
of pesticides. Crop losses occurring each year are mostly attributed to pests and 
diseases and are estimated to be about 35 percent. When post-harvest losses are added 
to preharvest losses worldwide, food losses due to pests are reported to be about 45 
percent. The use of pesticides, therefore, continues to exist as world population and 
the demand for food production continues to grow. 
Federal Insecticide, Fungicide and Rodenticide Act, 1996 (FIFRA) defines a 
pesticide as a substance or a mixture of substances, of chemical and biological origin 
intended for preventing, destroying, repelling or mitigating any pests or intended for 
use as a plant growth regulator, defoliant or desiccants. The pesticides are classified 
on the basis of target group of organisms such as algaecides, avicides, bactericides, 
fungicides, herbicides, weedicides, insecticides, miticides, moUuscicides, nematicides. 
rodenticides, and virucides for the control of algae, birds, bacteria, fungi, herbs, 
weeds, insects, mites, slugs and snails, nematodes, rodents and viruses respectively. 
The use of pesticides in India started even before independence for the control 
of mosquitoes. Prior to 1951, all pesticides were imported and the total value did not 
exceed Rs. 6 billion. The real beginning of pesticide industry was in 1952 with 
establishment of a plant for the production of benzene hexachloride (BHC) at Rishna 
near Calcutta (Kolkata). In 1954, Hindustan Insecticide Limited was incorporated to 
manufacture DDT for malaria control scheme. India is now the second largest 
manufacturer of pesticides in Asia after China and ranks twelfth globally. The 
production of Indian pesticides industry has almost remained stable at 85, 000 MT 
during financial year 2008-09. In value terms, the size of the Indian pesticide industry 
was estimated at Rs. 98 billion for 2008-09, including exports of Rs. 48 billion. The 
growth in the usage of pesticide in India can be divided into two phases. The first 
phase was from 1947 to 1966 when the pesticide use was mostly in public sector. The 
agriculture sector used very little pesticides during this period. The second phase is 
fi-om 1967 to the present and is characterized by the use of pesticides in agriculture 
leading to a rapid growth and structural changes in the product mix with the advent of 
high yielding crop varieties highly responsive to fertilizers and irrigation. 
At present only 231 pesticides are registered in India [1] in comparison of 
755 in USA, 600 in Europe, 495 in Pakistan, and 422 in Vietnam. In spite of the fact 
that judicious use of pesticides can provide economic benefits to the farmers, the 
pesticide consumption in India is limited to about 25% of the arable land. The 
consumption of pesticides per hectare in India is lowest, i.e. 0.33 kg ha'' in 
comparison to 1.6 kg ha ' in USA, 2 kg ha'' in U.K., 3 Kg ha"' in Germany, 3.07 kg 
ha'' in France, 4.17 kg ha"' in Italy, 6.6 kg ha"' in Korea, 10.5 kg ha"' in Holland, 
13.14 kg ha'' in Japan and 17.0 kg ha' in Taiwan [2]. The pattern of pesticide usage 
in India is different from that for the world in general. As can be seen from Figure. 1.1, 
in India 76% of the pesticide used is insecticide, as against 44% globally [3]. 
Correspondingly, the lesser use of herbicides and fungicides is reflected. 
Others 1% Herbicides 10%. 
Fungicides 13% 
India 
76% 
. Insecticides 
Others 5% 
Herbicides 30% 
Fungicides 21% 
World 
44% 
Insecticides 
Figure: 1.1. Pattern of pesticide usage in India and the world. 
If the credits of pesticide include enhanced economic potential in terms of increased 
production of food and fibre and amelioration of vector-borne diseases, then their 
debits have resulted in serious health implications to man and his environment [4, 5]. 
There is now overwhelming evidence that some of these chemicals do pose potential 
risk to humans and other life forms and unwanted side effects to the environment. It 
has been estimated that less than O.I % of pesticides applied to crops reach their target 
pests; however, most of the pesticides enter to the envirormient, and contaminate 
soils, water and air, which eventually affects non-target organisms [6]. Despite the 
fact that consumption of pesticides is low in India in comparison of other countries, 
residues of pesticides have been identified in various components of the environment 
in India and in many cases the concentrations of pesticides exceed the maximum 
acceptable limit [7]. Contamination of soil and ground water with organochlorines 
organophosphates, carbamates and pyrethroids has been reported worldwide [8-14]. 
During 2000-2008, the studies conducted in India showed the presence of 11 
pesticides in water samples collected from various Indian rivers like Ganga and its 
tributaries, Yamuna, Gomti, Hugh, Hindon and Cauvery, of which endosulfan and 
DDT were most prevalent [15-18]. 
The chemical crop protection is indeed a profit induced poisoning of the 
environment. The accumulation of pesticides in food and drinking water has generally 
been recognized as dangerous, and the long-term persistence and toxicity of pesticides 
in groundwater is potentially responsible for causing various kinds of human illnesses 
[19, 20]. Studies have shown that 0.22 million deaths occur worldwide each year with 
3 million cases of severe pesticide poisonings [21]. In India, the first report on 
poisoning due to pesticides was from Kerala in 1958, where over 100 people died 
after consuming wheat flour contaminated with parathion [22]. This was followed by 
the tragedy at Bhopal (M.P., India), where about 2,500 people have been reported to 
have died due to the leakage of methyl isocyanide (MIC) gas, an intermediate product 
used in the manufacturing of Sevin, from the Union Carbide Plant and several 
thousands have been seriously affected. Thereafter, many studies conducted indicated 
the presence of pesticides in sizeable amounts in samples of fruits, vegetables, cereals, 
pulses, grains, wheat flour, oils, eggs, meat, fish, poultry, bovine milk, butter and 
cheese, in India [23-26]. In a recent study conducted by the Pollution Monitoring 
Laboratory of the New Delhi-based Cenfre for Science and Environment, pesticide 
residues of organochlorines and organophosphorus pesticides in 17 brands of bottled 
water were reported [27]. Due to the excessive and indiscriminate use of pesticides in 
India, the total intake of organochemicals per person is highest in the world [7]. 
In order to provide awareness about the hazards of the pesticides, many books 
[28-36] and reviews [37-44] have been published and symposia [45-47] have been 
organized on the subject as a warning of the potential hazards. The first book written 
on this subject was "Silent Spring" by Rachel Carson, an American Journalist. She 
warned in her book that organo-chlorine compounds could pollute the tissues of 
virtually every life form on earth, the air, the lakes and the oceans, the fishes that live 
in them and the birds that feed on the fishes [48]. This publication was followed by 
many books on the pesticides giving practical information on the assessment of the 
pesticide hazards. Two of these are "Hazards Assessment of Chemical" by Saxena 
and Fisher [35] and "A Growing Problem - The Pesticide and Third World Poor" by 
David Bull [36]. Recently, the US National Academy of Sciences stated that the DDT 
metabolite, DDE causes eggshell thinning and that the bald eagle population in the 
United States declined primarily because of exposure to DDT and its metabolites [49]. 
Certain environmental chemicals including pesticides termed as endocrine disrupters 
are known to elicit their adverse effects by mimicking or antagonizing natural 
hormones in the body and it has been postulated that their long-term, low dose 
exposure are increasingly linked to human health effects such as immune-suppression, 
hormone disruption, diminished intelligence, reproductive abnormalities and cancer 
[50-52]. 
The economic impact of pesticides in non-target species (including humans) 
has been estimated at approximately $ 8 billion in developing countries [53]. 
Therefore, in recent years governments and other organizations have been stepping up 
the pressure to reduce the impact of pesticides on humans and other life forms as well 
as the enviromnent in general. The domain of pesticides illustrates certain ambiguity 
of a situation in which people are undergoing life-long exposure. What is required is 
to weigh all the risks associated with pesticides and benefits to ensure maximum 
margin of safety. For developing countries, it is imperative to use pesticides as no one 
would prefer famine, hunger and communicable diseases like malaria at the cost of 
reasonable risks. Hence, our approach on use of pesticides should be pragmatic. In 
other words, all activities on pesticides should be based on scientific judgment and not 
on commercial considerations. 
1.2. FATE OF PESTICIDES 
Soil environment is composed of abiotic and biotic components and is primary 
recipient of all types of pollutants and has major influence on the fate and behaviour 
of pesticides applied to crops preemergence or postemergence or chemicals subject to 
washoff from crop surfaces. The abiotic components are organic matter and mineral 
matter. The biotic components contain enormous numbers of diverse living organisms 
assembled in complex and varied communities. A microscopic examination of a soil 
sample reveals the presence of billions of organisms like nematodes, protozoa, fungi, 
algae, actinomycetes, bacteria and cyanobacteria, arthropods, crustaceans, 
earthworms, etc. These diverse organisms interact in the ecosystem, forming a 
complex web of biological activity. 
When pesticides are applied to soils or comes in its contact, whether by 
application by spraying, broadcasting granular formulation or fumigation, disposal or 
a spill, brings about the changes in the physico-chemical and biological properties of 
the soils which can influence many processes. These processes determine the ultimate 
fate of the pesticides in soils. It may be taken up by plants and/or ingested by animals, 
insects, worms, or microorganisms in soil; it may be adsorbed on soil particles and 
move downward in soil; it may dissolve; it may volatilize; it may be broken down into 
less toxic compounds; it may leach or moved out of the plant root zone by rain or 
irrigation; or it may be carried away by runoff water and erosion. Sannino et al. [54] 
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Figure: 1.2. Environmental fate of pesticides. 
and Cramer et al. [55] provided useful informations for predicting the behaviour of 
pesticides when entered into the soil. These processes determine the ultimate fate of 
pesticides by affecting its persistence and movement in the environment. 
The fate processes can have both positive and negative influences on the 
pesticide's effectiveness or its impact on the environment. On the positive side, they 
can bring a pesticide into contact with target pest for effective control, or they can 
reduce biologically significant concentrations of the active ingredient to relatively 
harmless; and on the negative side they are phyto-toxic and destroy useful plants. 
They enter into the food chain causing toxicity to humans, animals and other 
creatures. Its loss firom the area of application and contamination of non-target sites 
such as surface and groundwater represents a monetary loss to the farmers as well as a 
threat to the environment. Quite a large amount of pesticides reaches the water 
resources causing toxicity to flora and faima. 
The fate of pesticides in the environment is governed by the retention 
(adsorption, desorption, absorption, partitioning, ion-exchange), transformation 
(degradation), transport (volatilization, leaching, overland flow) processes and the 
interaction of these processes. Site characteristics, environmental conditions, crop 
management systems and chemical handling practices can all affect each process. 
1.3. REVIEW OF LITERATURE 
1.3.1. Adsorption of Pesticides on SoUs 
Adsorption is an attraction/repulsion phenomenon as a resultant of the 
interaction between the fields of force emanating fi^om the surface of the adsorbent 
and the molecules or ions of the adsorbate. The adsorption of pesticides by soils is a 
complex process but one of great importance for an understanding of the behaviour, 
efficacy and fate of pesticides in the soil environment [56]. The literature associated 
with this aspect has been reviewed by Bailey and White [57], Cheng [58], Wauchope 
et al. [59] and Kah and Brown [60]. 
Adsorption processes play a vital role in determining the environmental fate of 
pesticides and in determining their efficacy for crop protection. United States 
Environmental Protection Agency (USEPA) has proposed guidelines for registration 
of pesticides [61] requiring adsorption and movement studies in soils because 
adsorption helps to better understand the judicious use of pesticides. It controls the 
quantity of a pesticide in soil solution which impacts almost all the specific fate 
processes, including volatilization [62], bioavailability to flora and fauna [63], 
biodegradability [64-68], photolysis [69, 70], hydrolysis [71, 72], its persistence [73], 
mobility, toxicity, transformation and bioaccumulation [74]. 
Adsorption of pesticides on soil surfaces is mainly governed by soil properties 
(amount and nature of organic matter, the type and amount of clay minerals, CEC and 
the hydroxide content, particle size distribution, moisture, pH, ionic strength), the 
physical and chemical parameters of the pesticides (such as shape, configuration, 
molecular structure, chemical functions, water solubility, polarity, polarizabiHty, 
charge distribution and acid and base nature of the pesticide molecule), temperature 
and other environment conditions such as presence of organic solvents and other 
chemicals like surfactants. Considerable amount of work has been undertaken to study 
effect of these parameters on adsorption of pesticides on soils [75-123]. 
Studies as early as 1950s, have demonstrated that soil organic matter is the 
driving force for the adsorption of pesticides by soil. Soil organic matter includes 
plant and animal residues at various stages of decomposition, cells and tissue of soil 
organisms, and substemces synthesized by the soil population. The components of soil 
organic matter are proteins and lignin-like compounds and small quantities of hemi-
cellulose, cellulose, and ether and alcohol soluble compounds. Non-humic substances 
in soil organic matter include carbohydrates, proteins, peptides, amino acids, fats, 
waxes and low molecular weight acids. Soil organic matter varies greatly depending 
on its origin, transformation mode, age and existing environment, thus its bio-
physical-chemical functions and properties vary with different environments. It has 
been demonstrated that humified matter, consisting of humic acids, fulvic acids and 
humin, is more chemically reactive with pesticides than non-humified matter [124-
128]. The molecular nature of soil organic matter has been proved to be a key in 
determining adsorption of pesticides [129]. The pesticides which are more likely to 
bind covalently to soil humic matter have functionalities similar to components of 
humus. An organic material's ability to absorb pesticides is related to its relative 
hydrophilic/hydrophobic balance as indicated, in part, by its number of oxygen 
containing functional groups [130, 131]. Stevenson [85] pointed out that the 
information on the nature of organic matter-pesticide interactions may provide a more 
rational basis of effective use of pesticides, thereby reducing risk of pesticide carry 
over into the broader enviroimient. However, a proper understanding of the exact 
nature of these interactions is hindered due to the complexity of organic matter and 
the numerous other interactions in soil environment, all operating simultaneously. 
In addition to soil organic matter, several researchers have attributed type and 
amount of clay content to be the governing factor for the adsorption of pesticides on 
soil [132-134]. Clay minerals contribute to cation exchange capacity (CEC) of the 
soils, the ability of the soil to absorb positively charged ions or molecules. Positively 
charged pesticides may be adsorbed to soil containing negatively charged clay 
particles. The clay minerals, montmorillonite and vermiculite, both have a high cation 
exchange capacity and a high surface area; hence these have a great capacity for 
adsorption due to coulombic forces and van der Waals forces. The clay minerals illite, 
kaolinite and chlorite, because of their low cation exchange capacity and surface area 
does not have a high adsorption capacity. Several researchers [135, 136] have 
reported that clay adsorbs strongly the organic cations and probably does not adsorb 
anions by anion exchange. Hydrated Fe and Al-oxide associated with clay are 
probably responsible for adsorption of anions by anion exchange. They have been 
reported to provide heterogeneous chemical spots in the form of adsorbed water 
around cations, hydroxyl at the edges, lattice surface oxygen's and electrical double 
layer of changing polarity at the edges. They possess electron accepting sites in the 
form of exposed aluminium and other transition metals in higher valance state at the 
edges. The location and distribution of exchange sites on clays is an important factor 
in the nature and extent of adsorption. 
Another potential effect of clay content is related to their ability to associate 
with soil organic matter. Hence, it can be said that soil organic matter and clay 
content do not exist as separate moieties and affect the adsorption of pesticides as 
clay-organic matter complexes. Clay-soil organic matter interactions can influence the 
adsorption capacity of soil organic matter by direct blockage of domains involved in 
the adsorption of pesticides or by inducing conformational changes leading to 
increased or decreased accessibility to pesticides [137-141]. In addition to this, humic 
substances in soils also form coatings on clay particles thereby rendering these 
surfaces unavailable for pesticide adsorption. However, this effect is probably limited 
to the external surfaces of expandable clays, as there is no evidence for intercalation 
of humics by naturally occurring clays [142]. 
The contribution of soil organic matter of soils to the adsorption of nonpolar 
and hydrophobic pesticides was found to be much more relevant than the contribution 
of other components [143-145]. Clay content appears to be responsible for adsorption 
of pesticides, but its role could be masked by that of the soil organic matter. At low 
organic matter content, clay content and free iron oxide seemed implicated in 
pesticide adsorption on soils [146]. Walker and Crawford [147] suggested that for 
soils having organic matter content greater than 6%, adsorption occurs entirely on 
organic surfaces; whereas, for soils containing organic matter less than 6 %, both 
mineral and organic surfaces are involved in adsorption. Wahid and Sethunathan 
[148] demonstrated in their studies that beyond the level of 2% organic carbon 
content in soils the adsorption of pesticides takes place almost entirely on organic 
surfaces but at organic carbon level below 2% the adsorption was significant on clay 
surfaces or inorganic surfaces. The extent to which clay minerals contribute to 
adsorption depends on both the ratio of clay mineral (CM) to organic carbon (OC) 
fractions of the soil or sediment and on the nature of pesticide. Means et al. [149] 
suggested that for CM/OC < 30, mineral contributions are masked, regardless of the 
mineral content. Green and Karickhoff [150] suggested a ratio of 40 as the cutoff of 
organic carbon-dominated adsorption and Liu et al. [151] suggested that for CM/OC 
ratio less than 60, adsorption occurs mainly on organic matter. 
Temperature is an important parameter that influences the adsorption of 
pesticides on soils. There are conflicting reports in literature on the effect of 
temperature on adsorption of pesticides on soils. Several researchers [87, 152-159] 
have reported that adsorption of pesticides on soils generally is an exothermic reaction 
and an increase in temperature lowers adsorption. This is generally attributed to 
decrease in solubility of pesticides on increasing the temperature. Fruhstorfer et al. 
[160] in their study of the atrazine on kaolin and montmorillonite clays postulated that 
since increasing the temperature causes an increase in the kinetic energy of the 
molecules (those already adsorbed and those approaching the matrix with constant 
electrostatic attraction), this leads to a decrease in adsorption. Dios-Cancela et al. 
[161] observed a decrease in the adsorption of cyanazine on different homoionic peats 
with increase in temperature and attributed these results to either a reduction in the 
attractive forces between the pesticide and the peat or a change in the solubility of the 
pesticide. Conversely, Dao and Lavy reported that greater amounts of atrazine were 
adsorbed at 30°C than at 5°C and attributed this to the low activation energy of 
adsorption which is favoured by higher temperature [162]. Valverde-Garcia et al. 
[163] reported that elevation of temperature favored adsorption of thiram and 
dimethoate on organic soils and attributed this to its increasing the number of active 
sites on humus. A similar interpretation was made by Khan et al. [164] and Bobe et 
al. [165] on their studies on lindane and fipronil, respectively. The effect of 
temperature on adsorption of pesticides has been reviewed by ten Hulscher and 
ComeHssen [166] and Delle Site [167]. 
On the basis of adsorption isotherms obtained at different temperatures, 
various thermodynamic parameters such as thermodynamic equilibrium constant (Ko), 
standard free energy (AG°), enthalpy (AH°) and entropy (AS°) changes have been 
calculated [152]. Adsorption of pesticides on soils occurs when the free energy of 
adsorption process is negative. Two types of driving forces can play a role in the 
adsorption process: enthalpy-related forces and enfropy-related forces. For 
hydrophobic compounds, hydrophobic sorption and the large entropy change resulting 
from the removal of the adsorbing chemical from the solution play a major role in the 
adsorption process. For polar chemicals, the enthalpy-related forces are greater, due to 
the additional contribution of elecfrostatic interactions. 
1.3.2. Effect of Surfactants on Adsorption of Pesticides on Soils 
Surfactants are surface-active agents that alter the properties of fluid 
interfaces. The amphiphilic nature of surfactant molecules arises from their 
possession of both a large hydrophobic chain with a hydrophilic polar end that may 
contain a cation (cationic surfactant), an anion (anionic surfactant), both cation and 
anion (zwitterionic surfactant) or have neutral properties (non-ionic surfactant) [168]. 
In aqueous solutions, surfactant molecules aggregate at the air-water interface 
resulting in reduced solution surface tension and the free energy of the system. As the 
concentration of surfactant increases, there is a critical concenfration beyond which 
surfactant monomers start aggregating to form self-assemblies called micelles. The 
minimum surfactant concentration at which micelles start to form is called the 
"critical micelle concentration" (CMC). At supra-critical micelle surfactant 
concentrations, any further surfactant addition contributes to the formation of 
additional micelles [168-170]. The micelle in aqueous solution consists of surfactant 
molecules oriented so that their hydrophobic non-polar regions are in contact with one 
another forming a hydrocarbon-like core, and their hydrophilic polar regions are in 
maximum contact with water [171]. It is the formation of micelles in solution which 
gives sxirfactants their excellent detergency and solubilization properties. 
Synthetic surfactants are widely used in household cleaning detergents, 
personal care products, textiles, paints, polymers, pharmaceuticals, mining, oil 
recovery, pulp and paper industries and pesticide formulations. During the last decade 
considerable attention has been given to the presence of surfactants in the soil-water 
system. This is a major environmental concern as land application of wastewater adds 
a large amount of surfactants to soil-water system which are eventually detected in 
surface and ground water [172, 173]. Surfactants interact with hydrophobic organic 
compounds (HOCs)/pesticides influencing their adsorption and movement in soils. 
Hence, due to the abundance of surfactants in soil environment, they can be a major 
factor governing the adsorption and movement of hydrophobic organic compounds 
(HOCs)/pesticides in soil. The research in this direction serves two purposes that 
are:(i) the impact of surfactants on the adsorption and movement of hydrophobic 
organic compounds (HOCs)/pesticides when both co-exist in the soil as a result of 
human activity and (ii) the possible development of the use of surfactants in solving 
soil and water pollution problems posed by HOCs/pesticides in soils. 
Cationic surfactants are quaternary ammonium salts which are readily 
absorbed by the negatively charged soil surfaces through electrostatic interaction in 
form of admicelles, hemimicelles and micelles [174-181]. This changes the 
hydrophilic character of soil surfaces to hydrophobic which in turn increases the 
adsorption of HOCs/pesticides on soil surfaces [182-190]. The adsorption of cationic 
surfactant increases the organic matter content of soils which serves as a good 
partitioning media for HOCs/pesticides. The adsorption of HOCs/pesticides is 
increased in presence of cationic surfactants both below and above the critical 
micellar concentration. This concludes that the contamination by pesticides which are 
present in soil due to their direct input/spills or illegal tipping may be hindered from 
migration to groundwater by application of a cationic surfactant. Hence, cationic 
surfactants can be used to obtain adsorbent zones in soils to inmiobilize pesticides 
coming from point sources of pollution. Some researchers [191, 192] have also 
reported a decrease in adsorption and thereby increase in movement of pesticide in 
presence of cationic surfactant. This decrease in adsorption is due to the adsorption of 
pesticides by the surfactant micelles present in the solution phase, leading to a net 
increase in the pesticides concentration in the solution phase. Similar results were 
reported by Kile and Chiou [193] in their studies of the water solubility enhancement 
of DDT and trichlorobenzene by some surfactants both below and above critical 
micelle concentration. The variation in cationic surfactant effect on the adsorption and 
movement of pesticides has been observed by Sanchez-Camazano et al. [190] and 
Iglesias-Jimenez et al. [194]. They foimd that for sparingly water soluble pesticides 
such as diazinon and atrazine increase in adsorption is much less pronounced as 
compared to the adsorption of moderately water soluble pesticide ethofumesate, 
whereas for acephate, a water soluble pesticide, no change in adsorption occurs. 
Similar results were reported by Singh et al. [195, 196]. 
Anionic and non-ionic surfactants decrease the adsorption of pesticides on the 
soil surfaces. The anionic and non-ionic surfactant micelles reduce the adsorption of 
pesticides by increasing the apparent solubility and reducing the interfacial tension 
that hinders mass transfer [191, 197-209]. This decrease may also be attributed to 
several mechanisms such as competition for active hydrophobic adsorption sites on 
the soil surface between the pesticides and surfactant molecules and partitioning of 
pesticides amongst hydrophobic sites and surfactant micelles. This increase in 
apparent solubility serves as an important tool for chemical and biological 
remediation of contaminated soils and sediments [210-214]. Some researchers [189, 
190, 194, 195, 207, 211, 215-220] have reported variations in anionic and non-ionic 
surfactant behaviour as a function of CMC. They reported that at below and at CMC 
level adsorption of pesticides increases; whereas at higher concentrations of the 
surfactants adsorption decreases. The increase in adsorption at lower concentrations 
(below and at CMC level) was due the dispersion of soil particles. This is also 
attributed to the adsorption of pesticides by the soil adsorbed surfactant or due to soil 
adsorption and co-precipitation of surfactant (especially anionic) with the divalent 
cations, followed by partitioning of pesticide into the adsorbed and precipitated 
surfactant. The decrease in adsorption at higher surfactant concentrations is due to the 
formation of surfactant micelles in the liquid phase, which promotes the release of 
pesticide molecules from soils and also due to competitive adsorption between 
surfactant and pesticide molecules on soil surfaces. 
Literature on this aspect has been reviewed by Haigh [221], Katagi [222] and 
Lahaetal. [223]. 
1.3.3. Effect of Cyclodextrins on Adsorption and Desorption of 
Pesticides in Soils 
Cyclodextrins are cyclic oligosaccharides, containing 6 (a-CD), 7 (P-CD) or 8 
(y-CD) a-(l, 4)-linked glucose units, formed from the enzymatic degradation of starch 
by bacteria that are able to form inclusion complexes with organic compounds in 
solution, increasing their water solubility [224]. Many synthetic pesticides can form 
inclusion complexes with cyclodextrins, often resulting in improvements in their 
chemical and physical properties, such as enhancement of solubility and 
bioavailability [225, 226] increase in stability of photodegradable and/or unstable 
pesticides [227, 228] catalytic effects on the degradation of pesticides [229], 
diminution of unpleasant taste and odoiir and controlled release [230], reduction of 
contact toxicity to humans [231], influence on pesticides adsorption, and leaching on 
soils [232-234]. 
It has been also shovra that molecular encapsulation by cyclodextrins 
increased the bioavailability of polycyclic aromatic hydrocarbon compounds (PAHs), 
enhancing bioremediation [235-240]. Cuypers et. al. [241] demonstrated that HPCD 
extraction may provide a good method for the prediction of PAH bioavailability in 
contaminated sediments. Fenyvesi et al. [240] used aqueous cyclodextrin solutions to 
remove PAHs and pesticides from contaminated soils. However, studies about the 
application of cyclodextrin solutions for the remediation of pesticide-contaminated 
soils have not been studied extensively. Perez-Martinez et. al. [242] have studied the 
effect of P-cyclodextrin on the adsorption and desorption of 2,4-D on soils by batch 
equilibration experiments and reported that removal of 2,4-D previously adsorbed on 
soil was improved using P-cyclodextrin solutions in comparison to distilled water. A 
large decrease in adsorption of herbicide norflurazon onto soils was observed by the 
simultaneous addition of P-cyclodextrin with the herbicide, due to the higher tendency 
of norflurazon-BCD complexes to remain in solution. Villaverde et al. [243] also 
reported that p-cyclodextrin has high extracting power towards the norflurazon 
adsorbed on soils and its application to soils with adsorbed norflurazon greatly 
increased norflurazon desorption. Thus, the affinity of cyclodextrins for a variety of 
pesticides makes them possible candidates for use as soil decontaminants. 
1.3.4. Mechanisms of Adsorption 
There are two types of adsorption: (a) Physical adsorption, which is called 
Vander Waal's adsorption and; (b) Chemisorption, which is the formation of a factual 
bond, usually covalent between the molecule and the soil surface molecules. The 
physical adsorption is due to the orientation of dipole-dipole or ion-dipole interactions 
in addition to bond repulsion. Chemisorption is due to the columbic forces and results 
from bond formation between the adsorbent and the adsorbate. Physical adsorption 
occurs with non-ionic pesticides, while chemisorption with cationic and anionic 
pesticides. Hydrogen bonding is intermediate between physical and chemical 
adsorption. Physical adsorption is generally reversible and involves several layers and 
low binding strength. Several mechanisms have been proposed for adsorption of 
pesticides on soils. These include Vander Waals forces, hydrogen bonding, ligand 
exchange, ionic bonding, charge-transfer or electron donor acceptor mechanisms, 
hydrophobic bonding or partitioning and covalent bonding. Two or more mechanisms 
may occur simultaneously depending upon the nature of the functional group present 
on pesticide and soil surfaces and acidity of the system. 
Vander Waals forces consists of weak short range dipolar or induced dipolar 
attractions that exist, in addition to stronger binding forces, in all adsorbent-adsorbate 
interactions particularly between non-ionic and non-polar pesticides on suitable humic 
acid molecules. These forces are additive [244] and increases with the size of the 
interacting molecule and decay rapidly with distance. Several researchers [245-252] 
have suggested the involvement of these binding forces for the adsorption of a large 
number of compounds onto soils and clays. 
H-bonding is an intra- or intermolecular dipole-dipole interaction that is 
stronger than Vander Waals bonds. It is caused by the electron-withdrawing 
properties of an electronegative atom (F, O, N) on the electropositive hydrogen 
nucleus of functional groups such as -OH and -NH. H-bonding is suggested to play a 
vital role in the adsorption of several pesticides, such as atrazine, imazethapyr, 
substituted ureas and phenylcarbamates, dicamba, primisulfuron and other pesticides 
on soils [250, 251, 253-265]. Humic substances with numerous oxygen- and 
hydroxyl-containing functional groups form H-bonds with complimentary groups on 
pesticide molecules [266-268]. Pesticide molecules compete with water for these 
binding sites. Adsorption by ligand exchange involves the replacement of relatively 
weak ligands, e.g. H2O partially holding polyvalent cations associated with soil 
organic matter by suitable adsorbent molecules such as s-triazines and anionic 
pesticides [269, 244]. The substitution may be facilitated by an entropy change, if a 
xenobiotic molecule succeeds in replacing several H2O molecules associated vdth one 
or several complexed metal ions. Pesticides and their metabolites adsorbed by ionic 
bonding, or cation exchange, exist either in the cationic form in solution or can be 
protonated and become cationic. Ionic bonding involves ionised, or easily ionisable, 
carboxylic and phenolic hydroxyl groups of soil humic substances. BipyridiHum 
pesticides (e.g. diquat and paraquat) bind to soil humic substances by ion exchange 
via their cationic group. They form highly stable and unreactive bonds with the 
carboxyl groups of the humic substances. 
Charge transfer complexes are formed via electron donor-acceptor 
mechanisms, with pesticides possessing, alternatively, electron donor or electron 
acceptor properties. Humic substances contain within their structure both electron-
deficient moieties, such as quinines, and electron-rich centres, such as diphenols. 
Electron spin resonance spectroscopy (ESR) has been employed to confirm the 
presence of these electron donor-acceptor mechanisms between pesticides and humic 
substances [253, 270]. The charge transfer interaction between humics and the 
pesticides can result in an increase in the free radical concentration relative to the 
unreacted humic acid, due to single-electron donor-acceptor mechanisms [270]. 
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Hydrophobic adsorption is proposed as the main mechanism tor the retention 
of non-polar pesticides by hydrophobic active sites of humic substances or clay. 
Hydrophobic retention need not to be an active adsorption mechanism, but can also be 
regarded as a partitioning between a solvent and a non-specific surface. The 
partitioning theory, which treats soil organic matter as a water-immiscible liquid 
phase, has been found to explain the hydrophobic interaction between pesticides and 
soils [271]. This means that humic substances both in the solid- and dissolved-phase 
are treated as a non-aqueous solvent into which the organic pesticide can partition 
fi-om water [272]. Hydrophobic adsorption by soil organic matter and humic 
substances is considered a possible interaction mechanism for the s-triazine herbicides 
and polyureas [273, 274], 
The formation of covalent bonds between xenobiotic chemicals and/or their 
metabolites and soil humic substances, are often mediated by chemical, 
photochemical or enzymatic catalysts leading to stable, mostly irreversible 
incorporation into the soil. The pesticides which are most likely to bind covalently to 
humic matter have functionalities similar to the components of humus [275-277, 244]. 
Compound classes that can bind covalently to soil humic material include 
acylanilides, phenylcarbamates, phenylureas, dinitroaniline herbicides, nitroaniline 
fungicides and organophosphate insecticides, such as parathion and methylparathion. 
They bind by two possible mechanisms involving carbonyl, quinine and carboxyl 
groups of humic substances leading to hydrolysable and non-hydrolysable bound 
forms [278, 279]. 
1.3.5. Adsorption Isotherms 
Adsorption of pesticides on soils was evaluated by adsorption isotherms which 
represents the relation between the amount of pesticide adsorbed per unit weight of 
the soil and pesticide concentration in the solution at equilibrium. According to the 
nature of the slope of the initial portions of the curves, Giles et al. [280] reported the 
relation between solute adsorption mechanisms on solid surfaces and the types of 
adsorption isotherms. They developed four main classes of adsorption isotherm i.e. S-
type curves, C-type curves, L-type curves and H-type curves. 
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1.3.5.1. S-type Curves 
The S-type isotherm generally occurs when the solid has a high affinity for the 
solvent. The initial direction of the curvature shows that adsorption becomes easier as 
concentration increases. This type of isotherm usually appears when the solute 
molecule is monofunctional; has moderate intermolecular attraction, and meets strong 
competition for substrate sites from molecules of the solvent or other adsorbed 
species. 
13.5.2. L-type Curves 
The L-type curve, the normal or "Langmuir" isotherms, are best known and 
represent a relatively high affinity between the solid and solute in the initial stage of 
the isotherm. As more sites in the substrates are filled, it becomes increasingly 
difficult for solute molecules to find a vacant site available. 
1.3.5.3. C-type Curves 
C-type curves are given by solutes which penetrate into the solid more readily 
than does the solvent. These curves are characterized by the constant partition of 
solute between the solution and substrate, right upto the maximum possible 
adsorption, where an abrupt change to horizontal plateau occurs. 
1.3.5.4. H-type Curves 
H-type curves are quite uncommon and occur only when there is very high 
affinity between solute and solid. This is a special case of L-type curve, in which the 
solute has such a high affinity that in dilute solution it is completely adsorbed, or at 
least there is no measurable amoiont remaining in solution. The initial part of the 
isotherm is therefore vertical. 
1.3.6. Adsorption Models 
Generally two mathematical equations such as Freundlich and Langmuir 
equations have been used for quantitative description of pesticide adsorption on soils 
[281-283]. 
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1.3.6.1. Freundiich Adsorption Equation 
The Freundiich adsorption equation can be expressed as: 
x/m = KFCe'^ " (1.1) 
where Kp and 1/n are empirical adsorption constants and x/m and Ce are the adsorbed 
(jig pesticide g"' soil) and solution phase (fig pesticide mL'^ solution) concentrations, 
respectively. The adsorption coefficient Kp, has unit of g'"" mL" g"', while 1/n is 
dimensionless. Values of adsorption constants KF and 1/n are estimated by linear 
regression of log-transformed data. The equation (1.1) is expressed in logarithmic 
form and a linear relationship is obtained: 
log x/m = log KF + 1 /n log Ce (1.2) 
Generally, in the reasonable pesticide concentration range, the relationship between 
log x/m and log Ce is linear with 1/n being constant. In comparing adsorptive capacity 
of various pesticides by soils, the Kp value may be considered to be useful index for 
classifying the degree of adsorption because the use of Kp values has considerably 
increased as a result of the requirement by regulatory agencies for quantification of 
relative pesticide adsorption in soil water system (EPA, 1978). For soil - pesticide 
interaction, soil organic matter based or soil organic carbon based adsorption constant 
KoM or Koc, respectively, was calculated by dividing the Kp value by organic matter 
or organic carbon content present in the soil [284, 285]. KQM or KQC are used to 
characterize the mechanism of adsorption of pesticide to organic components of the 
soil. The lower KQM or Koc values show that the chemical will be less adsorbed by 
the soil particles. 
1.3.6.2. Langmuir Adsorption Equation 
Langmuir adsorption equation was initially derived from the adsorption of gases 
by solid using the following assumptions: 
(i) The energy of adsorption is constant and independent of surface charge, 
(ii) Adsorption is on localized sites and there is no interaction between adsorbate 
molecules, and 
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(iii) The maximum adsorption possible is that of a complete monolayer. 
The Langmuir adsorption equation may be expressed in terms of concentration in 
the following form; 
- = ^ ^ ^ i ^ ^ (1.3) 
Where K] is a constant for the system dependent to temperature and K2 is the 
monolayer capacity. The term x/m and Ce have been defined in the Freundlich 
equation. 
The reciprocal of equation: 
l / x / m = l / K 2 + l / K , K 2 C e (1.4) 
A plot of 1 / (x/m) vs. 1 / Ce, should give a straight line with an intercept 1 / 
K2 and a slope of 1 / (Ki K2) when the Langmuir equation holds. The adsorption of 
pesticides on soils and clays was found to conform to an isotherm type which was 
similar to Langmuir model for adsorption [286,287]. 
Under certain conditions both the Freundlich and Langmuir equations may 
reduce to linear relationship, hi the case of Fretmdlich equation, if the exponent 1/n is 
1, adsorption will be linearly proportional to the solution concentration, ha practice, it 
has been found that adsorption of the pesticides on soils do fit the Freundlich equation 
with an exponent close to unity. In the Langmuir equation the denominator, 1 + Kj Ce, 
becomes indistinguishable firom 1 at low concentrations. In this situation, the amount 
adsorbed becomes directly proportional to the concentration in the solution. 
1.3.7. Movement of Pesticides in Soils 
The movement of pesticides in soil affected their ability to effectively control 
the targeted pests and determine whether or not these chemicals may lead to an 
environmental impact. Due to this reason, soil scientists and environmental scientists 
both have equal interest in characterizing the fate and movement of pesticides in soils. 
Over the last several years, the interest in this kind of research has been focused on 
groundwater contamination due to the use of pesticides in crop protection. 
Prior to 1979, groundwater contamination from field applied pesticides was 
virtually unexpected. It was assumed that pesticide in the natural environment would 
either breakdown, or that the soil, sand, gravel and rock formations would be adequate 
to cleanse the water of its contaminants before it reached groundwater. Now it is clear 
that human activities can lead to contamination of groundwater. 
Several workers [77, 95, 98, 288-303] have studied the movement of 
organohalogenated, organophosphorous and carbamate group containing pesticides in 
soils. The role of organophosphorous and carbamate group containing pesticides, 
being more soluble in water than organohalogenated pesticides, in polluting soil 
environment cannot be underestimated. Kaneko et al. [304] and Kaufinann et al. 
[305] have also studied the movement of permethrin, cypermethrin and decamethrin 
in soils. 
The extent of movement of pesticides in soil depends upon the soil properties 
such as texture, structxare, porosity, organic matter content, clay content, moisture 
content, pH and CEC [306-310] and on the nature and properties of pesticides itself 
i.e. solubility of pesticides in water, formulation, rate of pesticide application or 
degradation. 
Soil texture and structure affects the movement of pesticides because fine 
textured soil contains higher amount of moisture rendering a faster dilution of 
toxicants. The movement of pesticide was less in fine textured soil than coarse 
textured soil because equilibrium of pesticide between water and the interior soil 
aggregates becomes slower with increasing aggregate size and relatively small zone 
of pest control. It was also observed that an inverse relationship exists between clay 
content and movement of pesticides. The sand particles being more permeable than 
clay particles, allow an easy and deeper movement. Porosity is the fijnction of the 
pore size distribution determined by soil texture, structure and particle shape. 
Pesticides are transported to a greater degree through more porous soil when other 
things are equal. 
Soil organic matter is another primary parameter that affects the movement of 
pesticides in soils. The depth of penetration of pesticides has been found to be 
inversely proportional to the organic matter content; higher organic matter content 
greatly increases the retention of pesticides and therefore inhibits their movement into 
groundwater. 
Water flux affects the movement of pesticide in soil because it is the amount of 
water that flows through the soil. In practice this is often less than the rainfall because 
evaporation from the soil surface and uptake by the crop diminish downward 
movement as a consequence chemical can move both downwards and upwards in 
soils in response to water movement in wetting and drying cycles. However, in 
laboratory condition water flux through the soil column can be accurately controlled. 
Leaching of pesticides due to addition of water has been extensively studied by Davis 
et al. [311], Friesen [312] and Bayer [313]. Some of pesticides are more mobile at 
higher rates of percolation [314]. 
Water solubility of pesticides is an important property which affects their 
movement in soil. Increased solubility of pesticides has decreased adsorption [315, 
316] and therefore, increased the mobility. An inverse relationship has also been 
observed between solubility and adsorption [317-319]. Organophosphorous and 
carbamate pesticides are more soluble in water than chlorinated hydrocarbon 
compounds. Reynolds and Metcalf [320], while studying the movement of several 
phosphorous and carbamate group containing pesticides found that it was related to 
their water solubility. This would indicate that they are much more susceptible to 
leaching than the chlorinated compounds. Weber [321] reported that the amount of 
acidic herbicides adsorbed on soil was inversely related to the water solubility of the 
chemical. On the other hand, Hance [322] and Weber [323] observed no relationship 
between solubility and adsorption of certain pesticides. 
The formulation in which a pesticide is applied influences the mobility. An 
increase in mobility of simazine has been observed by adding ammonium sulphate 
[324] and that of diuron by adding surfactants [325]. Solution formulations of some 
non-volatile fiingicides were more mobile than suspension [326]. 
The rate at which the pesticides are to be applied may affect the movement of 
pesticides. Several workers [327-330] have studied the effect of rate of application on 
mobility of certain triazine herbicides and they have reported that higher application 
rates of herbicides increased their mobility. 
Generally, the movement of pesticides has been estimated using soil column 
[78, 84, 331-336] and soil thin layer chromatographic (Soil TLC) techniques [288-
290, 295-296, 337-340]. Data pertaining to soil column and field leaching studies 
were used to evaluate the simple piston displacement model [341]. The model 
accurately predicted the position of the wetting fronts, but under predicted pesticide 
leaching. Singh et al. [336], Kumari et al. [102, 105], and Bilkart and Rao [341] have 
studied the movement of certain pesticides in soil columns and estimated the 
distribution coefficients KD values as described by Ketelle and Boyd [342] and used 
by Swoboda and Thomas [343]. 
Helling and Turner [288] introduced the soil TLC technique as an alternative 
procedure for rapid, reproducible and inexpensive assessment of pesticide movement 
in soils with the use of soil instead of silica gel, oxides and other adsorbents as an 
stationary phase and they found it analogous to conventional TLC technique. They 
found that the Rf value determined by the soil TLC for the mobility of several 
pesticides were consistent to the field data and with the results of the laboratory 
studies using soil colunms. Using Rf values as indices of mobility of a series of 
pesticides with different structures, they proposed a five level classification scale for 
pesticide mobility in soils. Helling [289-291] used the soil TLC technique to study the 
effect of different parameters such as soil particle size, run distance, plate thickness, 
sample size of pesticides etc. on the movement of pesticides in soils. Helling [289-
291] used three methods for detecting the movement of labeled pesticides on soil 
chromatoplates such as (i) analysis of the successive zones of the soil layers (ii) 
autoradiography and (iii) scanning radio chromatograms. All these methods yielded 
similar results, although at that time Helling considered autoradiography to be the best 
one. Helling et al. [293, 344] have also reported a bioassay technique for the detection 
of pesticide mobility in soil. Singh et al. [395-296, 335-336, 345] and Sharma et al. 
[339-340] however, used this technique for determining the movement of certain 
pesticides, amino acids and phenols in soils by detecting the movement with simple 
chemical detectors and the movement was expressed in terms of Rp values. 
Recently, Singh et al. [189, 196, 220], Sanchez-Camazano et al [346], 
Ravanel et al. [347], Queiroz and Lancas [348], Singh and Rajkumar [186, 217, 219], 
Horvat et al. [349], and Crovetto et al. [350] have studied the movement ot pesticides 
on soil and examined effect of organic matter, surfactants, fertilizers and mineral 
composition on pesticide mobility using soil TLC technique. 
1.4. OBJECTIVES 
The studies on the aspects covering the factors affecting the adsorption and 
mobility of pesticides in soils currently used for agricultural purposes are still meagre. 
More studies are required to have a complete picture in this regard. Keeping this in 
view, the present work was planned to study the (i) effect of varying soil properties on 
the adsorption and movement of carbofuran (ii) effect of different critical micelle 
concentrations of cationic, non-ionic and anionic surfactants on adsorption and 
movement of carbofuran and carbaryl (iii) effect of temperature on adsorption of 
carbaryl and (iv) effect of p-cyclodextrin on the adsorption and desorption of 
carbofuran in soils of divergent texture. The results obtained from these studies will 
help in understanding the possible use of these surfactants and p-cyclodextrin for 
solving the problems of soil contamination posed by these pesticides. The scheme of 
the chapters is as follows: 
• Adsorption and Movement of Carbofuran in Four Different Soils Varying in 
Physical and Chemical Properties 
• Effect of CPC, Brij-35 and SDBS Surfactants on the Adsorption and 
Movement of Carbofuran in Indian Soils 
• Effect of P-Cyclodextrin on the Adsorption and Desorption of Carbofuran in 
Soils of Divergent Texture 
• Adsorption Thermodynamics of Carbaryl on Four Texturally Different Indian 
Soils 
• Effect of CPC, Brij-35 and SDBS Surfactants on the Adsorption and 
Movement of Carbaryl in Indian Soils 
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ADSORPTION AND MOVEMENT OF CARBOFURAN IN FOUR 
DIFFERENT SOILS VARYING IN PHYSICAL AND CHEMICAL 
PROPERTIES 
2.1. INTRODUCTION 
Carbofuran (2, 3-dihydro-2, 2-dimethylbenzofuran-7-yl methyl carbamate) 
having the structure 
is a systemic, non-ionic, broad-spectrum insecticide/nematicide and widely used in 
the Indian subcontinent for the control of nematodes in soils. Like that of any other 
soil applied pesticide, its effectiveness depends upon soil properties, environmental 
conditions and its ability to reach the target organisms in an adequate concentration 
for a certain period of time. The environmental fate of pesticides has attracted recent 
attention because of their pollution potential to the environment. Carbofuran losses in 
runoff occurred largely in the water and comprised up to 1.9% of the application []]. 
The U.S. Environmental Protection Agency has set the maximum contamination level 
of carboftiran for drinking water as 40 ng mL' . 
Adsorption has a pronounced effect on behaviour and effectiveness of a 
pesticide such as bioactivity, mobility, persistence, toxicity and efficacy in soil 
environment [2, 3]. The literature associated with this aspect has been reviewed by 
Bailey and White [4], Cheng [5] and Wauchope et al. [6]. Considerable amount of 
work has been undertaken on the adsorption of carboftiran on soils, clays, fly ash and 
synthetic inorganic ion exchangers [8-11], Recently, Singh [12] has reported the 
effect of water miscible organic cosolvents on the adsorption and movement of 
carbofiaran on soils. 
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However, iuformation relating to the impact of carbofuran adsorption on its 
leaching index (LI) in Indian soils is not available in the literature. Hence, an attempt 
has been made in the present investigation to study the adsorption and movement of 
carbofuran in four divergent textured Indian soils and to relate the Freundlich 
constants, distribution coefficients, and frontal Rf values to various soil parameters. 
The purpose of this study was to understand the basic chemistry of carbofuran 
interaction in soils and to evaluate the free energy change (AG°) and leaching index 
(LI) values from the organic carbon based partition coefficient Koc values. 
2.2. EXPERIMENTAL 
2.2.1. Chemicals and Reagents 
Carbofuran Solution: 
Carbofuran (99.9%; aqueous solubility 320 p,g mL"'; log Kow = 2.315) was 
obtained from M/S Rallis Agrochemical Station, Mumbai, India. A stock solution of 
carbofuran of 500 i^g mL"' concenfration was prepared by dissolving requisite amount 
of carboftiran in 100 mL of methanol (AR grade, E. Merck India, Ltd.). Methanol was 
the preferred solvent because it showed no effect on surfactant solubilization. Higher 
alcohols cannot be utilized since they affect CMC value significantly [13]. 
Hydrogen peroxide (30%), hydrochloric acid (LR grade). Potassium chloride 
(GR grade), sulphuric acid (LR grade), ortho-phosphoric acid, phosphorous pentoxide 
and ethylene glycol (pure) were all obtained from Merck Specialities Pvt. Ltd., India. 
Sodium oxalate (Na2C204) Solution: 
8.0 g of Na2C204 (LR grade, BDH India Ltd.) was dissolved in 1000 mL of 
distilled water. 
1% Phenolphthalein Solution: 
1.0 g of phenolphthalein (LR grade, BDH India Ltd.) was dissolved in 100 mL of 
95% ethanol. 
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1 N Potassium dichromate (K2Cr207) Solution: 
49.0 g of K2Cr207 (LR grade, BDH India Ltd.) was dissolved in 1000 mL of 
distilled water. 
Diphenylamine Indicator Solution: 
0.5 g of diphenylamine (Technical, BDH Chemicals Ltd. Pool, England) was 
dissolved in a mixture of 100 mL of sulphuric acid and 20 mL of distilled water and 
stored in a coloured bottle. 
0.5 N Ferrous ammonium sulphate (FeS04 (NH4)2S04.6H20) Solution: 
196.0 g of FeS04 (NH4)2S04.6H20 (AR grade, BDH India Ltd.) was dissolved in 
distilled water, 7.5 mL of sulphuric acid was added and diluted to 1000 mL. 
0.1 % p-nitrobenzenediazonium tetraflouroborate Solution: 
0.1 g of p-nitrobenzenediazonium tetrafluoroborate (MERCK-Schuchardt, 
Germany) was dissolved in 100 mL methanol. 
4 N Sodium hydroxide (NaOH) Solution: 
160.0 g of NaOH pellets (AR grade, CDH Chemicals Ltd., hidia.) were 
dissolved in 1000 mL of distilled water. 
0.2 % Sulphanilic acid Solution: 
0.5 g of sulphanilic acid (GR grade, Merck India Ltd.) was dissolved in IN HCl 
solution and the volume was made up to 250 mL. 
0.3 % Sodium nitrite (NaN02) Solution: 
0.75 g of NaN02 (Glaxo India Ltd.) was dissolved in 250 mL of distilled water. 
2.2.2. Apparatus: 
Electrical Balance 
Constant Temperature Bath 
Electric Oven 
Varanasi Balance Works, Varanasi, India. 
Tempo India Ltd. 
Tempo India Ltd. 
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Electric Stirrer 
Sieves 
Stop Watch 
pH Meter 
Centrifuge 
Spectrophotometer 
IML DX Magnetic Stirrer (Remo Equipments). 
British Standard Sieves 
Racer Swiss made. 
Systronics India Ltd. 
Beckman L3-50 Ultracentrifuge. 
T-70 UVA^IS Spectrophotometer (U.K.). 
2.23. Collection of Soil Samples: 
According to an axiom; "analysis is no better than the sample". This is all the 
more true in the collection of soil samples. The general problem of soil sampling has 
been summarized by the Association of Agricultural Chemists [14] as follows: "In 
view of the variability of soil, it seems impossible to device an entirely satisfactory 
method for sampling. It is obvious that the details of the procedure should be 
determined by purpose for which the sample is taken." During the collection of soil 
samples, as here-under described, the importance of taking representative composite 
samples was kept in mind and the variations in colour, texture, slope and cropping 
patterns were all adequately considered. The grasses and other organic matter were 
removed from the surface. The soil samples used for these studies were collected from 
cultivated fields at 0-30 cm depth from villages Alampur Rani, Kalai, and Bhoran in 
the Aligarh district (U.P.) and from Forest Research Institute (F.R.I.) farm in the 
Dehradoon district (Uttarakhand) in India. The soils were air-dried, crushed and 
passed through a 2 nun sieve and stored in plastic bags at room temperature and their 
physico-chemical properties such as mechanical composition (% sand, % silt and % 
clay), pH, cation exchange capacity (CEC), surface area and percentages of organic 
carbon, organic matter, and calcium carbonate contents were determined by the 
standard methods as given below. 
2.2.4. Determination of the Physico-Chemical Properties of the Soils 
2.2.4.1. Mechanical Composition of the Soils 
The mechanical analysis of soil was carried out by International Pipette 
method [15]. A 10 g soil sample which has been passed through a No. 7 B.S. sieve 
was weighed and placed in an evaporating dish. Ten millilitre of 30% H2O2 was 
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added and warmed up to 60°C and stirred till no further evolution of gases occurred. 
The excess of H2O2 was decomposed by boiling for few minutes. After cooling 10 mL 
or more of 0.2 M HCI was added till the solution become acidic. It was filtered and 
washed with warm distilled water till the washings showed no indication of acidic 
nature. The precipitate was transferred to an evaporating dish, and a 10 mL of distilled 
water and 50 mL of sodium oxalate solution (8.0 g L"') were added. The mixture was 
wanned and shaken by a high speed stirrer for 15 min, and 150 mL of distilled water 
was then added and the suspension passed through a 200 B.S. sieve using not more 
than 150 mL of distilled water. The suspension which passed through the sieve was 
transferred to a graduated boiling tube or 500 mL measuring cylinder and volume was 
made up to 500 mL with distilled water. The residue on the sieve was dried and 
weighed. The dry sand was again passed through No. 25, 72 and 200 mesh sieves and 
each fraction retained on the sieves was weighed in watch glass giving the coarse 
(Wcs), medium (Wms), and fine (Wfe) sands, respectively. 
The graduated boiling tube which contains 500 mL suspension was immersed 
in a constant temperature water bath at 25 + 2°C for 1 hour. The tube was taken out, 
shaken up and down vigorously and replaced in the bath and simultaneously the stop 
watch was started. After a sedimentation time of 4 min and 8 sec, a 10 mL suspension 
was taken out from the depth of 10 cm by means of a sampling pipette. It was then 
transferred into a weighing petri dish, dried in an oven and weighed. This procedure 
was repeated after 46 min and 6 hr 54 min after commencement of sedimentation. The 
boiling tube was shaken a fresh in both the case. In each of the above case the weight 
of the solid material in 500 mL of the suspension was determined. The method of 
sampling is important; the pipette should be lowered into the suspension at a slow rate 
in order to avoid disturbance (+20 sec). The percentages of silt and clay were then 
calculated from the weights of the residues. The results are given in Table 2.1. 
2.2.4.2. Determination of the pH of the Soils 
The pH was recorded with Systronics Digital pH Meter Model-335 with glass 
and saturated calomel electrodes assembly. A soil-water (1:2.5) suspension ratio was 
used for measuring the pH of the soils. The results obtained are recorded in Table 2.1. 
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2.2.4.3. Determination of the Cation Exchange Capacity (CEC) of the Soils 
The cation exchange capacity (CEC) of the soils was detennined by titration 
method of GanguH [16]. In this method a 10 g sample of the air dried soil was treated 
with 0.2 N HCl till acidic, shaken for 30 min and then filtered through Buchner funnel 
till the filtrate was fi^ee firom chloride ions. The residue was transferred from the 
Buchner funnel to a beaker and a suspension of known concentration was prepared. It 
was then treated with the same volume of saturated KCl solution, shaken for 30 min 
and lefl overnight. The exchange acidity was titrated with standard 0.1 N NaOH 
solution using phenolphthalein as an indicator. From the amount of NaOH required, 
the CEC of the soils was calculated. The results obtained are recorded in Table 2.1. 
2.2.4.4. Determination of Organic Carbon and Organic Matter Content of the 
SoUs 
The percentages of organic carbon and organic matter of the soils were 
determined by the rapid titration method of Walkley and Black [17]. In this method 2 
g of air dried, crushed and sieved soil was digested in a 500 mL conical flask by 
adding 10 mL of 1 N K2 CraO? solution and 20 mL of concentrated H2 SO4. The 
mixture was shaken well for about 2 min and allowed to stand on an asbestos sheet for 
about 30 min. This was followed by adding 200 mL of distilled water, 10 mL of 
phosphoric acid (85 %) and 1 mL of diphenylamine indicator solution. A deep violet 
colour appeared. It was titrated with 0.5 N ferrous ammonium sulphate solution till 
the violet colour changed to purple and finally to green. A blank titration was run 
simultaneously without having soil in the solution. The percentage of organic carbon 
was calculated by using the relation, 
T. * f • u • •w'7^ (ar-y)x 0.003x100 . . , , 
Percentage of organic carbon m soil (Z)= —— (2.1) 
where x is the volume of 0.5 N ferrous ammonium sulphate required for reducing 10 
mL of IN KaCraO? solution (blank reading), y is the volume of 0.5 N ferrous 
ammonium sulphate required for reducing the excess of KiCraOy (experimental 
reading). W is the weight of soil taken for analysis and assuming that I mL of IN 
KiCriO?^ 0.003 g carbon. 
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Finally, assuming that organic matter contains 58 % carbon, the percentage of 
organic matter was calculated by multiplying the Walkley and Black value with 
100/58 or 1.724. 
Percentage of organic matter in soil = Z x 1.724 (2.2) 
The results obtained are recorded in Table 2.1. 
2.2.4.5. Determination of Calcium Carbonate Content of the Soils 
The percentage of calcium carbonate content of the soils was determined by 
taking 10 g of each of the soil sample on a Buchner funnel. The sample was washed 
with distilled water till free from chloride ions. It was then transferred to a conical 
flask, treated with 50 mL of IN HCl, shaken and boiled on a steam bath till the 
reaction was over. It was then cooled at room temperature and back titrated with IN 
NaOH using phenolphthalein as an indicator. The end point was recorded when the 
pink colour persisted for 15 sec on shaking the solutions. The results are recorded in 
Table 2.1. 
2.2.4.6. Surface Area Determination of the Soils 
Surface area of the soils was determined by the method proposed by Dyal and 
Hendricks [18]. In this method 1 g sample of each soil was taken in aluminium 
moisture boxes of known weights. The samples were spreaded evenly over the bottom 
of boxes. The boxes with lid removed were placed in a vacuum desiccator over 250 g 
of P2O5. The desiccator was evacuated with a vacuum pump. The stopcock was closed 
and the samples were dried to a constant weight which took nearly 6 hr. The samples 
were then wetted with ethylene glycol added from a pipette drop-wise. Wetting was 
facilitated by slight warming. The samples were then placed in a vacuum desiccator 
and allowed to stand at room temperature. Vacuum was applied continuously from 
time to time. Weights of the samples were recorded after every 16 hr and drying under 
vacuum renewed till two successive weighings agreed up to tenth of a milligram. 
Surface area was calculated from the equation, 
49 
A= (2.3) 
WsX 0.00031 
9 1 
where A was the surface area in m g" , Wg = Wt. (g) of glycol retained by the 
samples, Ws = Wt. (g) of samples on P2O5 dried basis, and 0.00031 the Dyal and 
Hendricks value for the grams of glycol required to form a monolayer on 1 m^ of 
surface area. Results are tabulated in Table 2.1. 
2.2.5. Preparation of Standard Curve of Carbofuran 
Standard curve (Figure 2.1) of carbofuran was prepared by using Mithyantha 
and Perur method [19] in which varying volumes (I to 10 mL) of 10 |xg mL"' 
carbofuran solution were pipetted into a number of 50 mL volumetric flasks. To these 
solutions 5 mL of 0.2% sulphanilic acid and 5 mL of 0.3% sodium nitrite solutions 
were added and kept for 30 minutes. After that 10 mL of 4N NaOH solution was 
quickly added and the volxime was made upto the mark with distilled water and left 
for 1 hour. The absorbance was recorded against reagent blank at 490 nm using T-70 
UVA^IS spectrophotometer. 
2.2.6. Adsorption Studies 
Adsorption of carbofuran on four soils of divergent texture was carried out 
using the batch shake technique. Soil samples (Ig) were equilibrated with 20 mL of 
carbofuran solutions with concentrations of 5, 10, 15, 20, 25, 30, 35, 40, 45 and 50 ^g 
mL'', respectively, at fixed volume fraction (fs= 0.1) of methanol/water mixtures. 
Soil suspensions were maintained in an incubator at 25±lV for 24 h and shaken 
mechanically for 3 hours. All experiments were conducted in duplicate. Preliminary 
experiments indicated that a contact time of 24 h was of sufficient length to allow 
equilibrium to be attained. Subsequently, the suspensions were centrifuged at 1500 
rpm for 10 min using a Beckman model L3 - 50 Ultracentrifuge. The amount of 
carbofuran in the supematants was estimated spectrophotometrically [19]. This 
method has detection limit of Ijxg mL''. The amount of carbofuran adsorbed was 
calculated as the difference between the initial and equilibrium concentrations in 
solution according to the following expression: 
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Figure: 2.1. Standard curve of carbofuran. 
x/m = (Co - Ce) V/ W (2.4) 
where x/m is the surface concentration of carbofuran in the soil (|j.g g') , Co is the 
initial concentration of carbofuran in solution ()ag mL"'), Ce is the equilibrium 
concentration of carbofuran in solution (\xg mL"'), and V is the volume of solution and 
W is the weight of the soil employed. 
2.2.7. Evaluation of Adsorbability Index (AI) and the First Order 
Molecular Connectivity Index (^ x) of Carbofuran 
Adsorbability index proposed by Abe et al. [20] is an empirical molecular 
descriptor derived from a group contribution method based on molecular refractivity 
to predict activated carbon adsorption of 157 compounds. This index was also applied 
to predict the soil sorption coefficient of the same 157 compounds [21]. The 
adsorbability index (AI) of carbofuran was evaluated from equation (2.5) by inserting 
the values of A and I as listed in the Table 2.2 derived from the work of Abe et al. 
[20], 
AI = l A + I I (2.5) 
where A and I are the factors for the respective increase and decrease in the 
adsorbability of the atom or functional group in the molecule from aqueous solution 
on to the various soils studied, the AI value for carbofuran being equal to 4.74. 
The first-order molecular connectivity index ('x) for carbofuran was evaluated 
by substituting the above AI value for the following equation proposed by Okouchi 
and Saegusa[21]: 
'x=1.16AI-0.68 (2.6) 
from which a corresponding value of 4.8184 was obtained. 
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2.2.8. Soil Thin-Layer Chromatography (Soil TLC) 
The movement of carbofuran in soils was studied by using the soil TLC 
technique [22]. Soil TLC plates of 0.5 mm thickness were prepared by spreading soil-
water slurry having 2:1 soil-water ratio onto 20 x 20 cm^ clean glass plates with the 
help of a TLC spreader. The plates were dried at room temperature and then activated 
by heating at 100-105°C in an oven for half an hour, deactivated and stored in a 
dessicating chamber. After activating the plates, two lines at 3 cm and 13 cm above 
the base were scribed to maintain standard development distance of 10 cm on the 
plates. A 10 |iL methanolic solution of carbofuran of concentration 1000 \ig mL"' was 
applied as a spot onto the TLC plates with the help of lambda pipette 3 cm held above 
the bottom of the plates. A 2 cm wide strip of paper towel moistened with distilled 
water was wrapped aroimd the bottom of the plates to prevent the disintegration of 
soil layer when it comes into contact with the eluents. The carbofuran spotted plates 
were developed in distilled water positioning the plates at 45° in a glass tank. After 
the eluent had migrated to a distance of 10 cm from the base line, the plates were 
taken out and dried at room temperature. The movement of carbofuran was detected 
by spraying the developed plates with 5% methanolic KOH solution followed by 
0.1% methanolic solution of p-nitrobenzene diazonium tetraflouroborate. A 
development of violet coloured spots indicated the movement of carbofuran. The 
movement of carbofiiran was expressed in terms of Frontal Rf (FRf) values and 
measured using the relationship [22], 
FRf - distance moved by upper part of spot 
distance travelled by developer 
2.3. RESULTS AND DISCUSSION 
The adsorption of carbofuran on F.R.I, silt loam soil, Alampur silt loam soil, 
Kalai loam soil and Bhoran sandy loam is represented by the adsorption isotherms 
(Figure 2.2) and the corresponding data is given in Tables 2.3.1-2.3.4. The isotherms 
indicate the amount of carbofuran adsorbed per unit mass of solid adsorbent (x/m, jjg 
g" ) versus the equilibrium concentration (Ce, ^g mL''). It is clear from the isotherms, 
adsorption followed the order as F.R.I, silt loam > Alampur silt loam > Kalai loam > 
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Bhoran sandy loam. The greater adsorption on F.R.I, silt loam soil may be due to the 
greater amount of organic matter, clay content or lower pH in F.R.I, silt loam 
followed by Alampur silt loam soil, Kalai loam soil and Bhoran sandy loam soils 
(Table 2.1). According to classification of Giles et al. [23], the adsorption isotherms 
were of L-shaped for F.R.I, silt loam, Alampur silt loam and Kalai loam soils (Figure 
2.2) while that of S-shaped for Bhoran sandy loam soil (Figure 2.2). The L-shaped 
isotherms indicate the high affinity of the adsorbent for the adsorbate (carbofuran) at 
its low concentrations, with this diminishing as the initial concentration of carbofuran 
increased because of increasing difficulty of finding the vacant adsorption sites. The 
S-shaped isotherm suggests that adsorption on soil is a complex phenomenon and 
reveals the interaction of adsorbate (carbofiiran) with different types of adsorption 
sites having different surface energies [24]. The convex nature of curves (Figure 2.2) 
indicates that after the adsorption on adsorbent surface was complete, the adsorbate 
molecules attract each other and associated on the adsorbent surfaces. The S-shaped 
isotherm also suggests that adsorption is enhanced at higher concentrations. 
Adsorption data for all soils were found to obey the Frexmdlich equation over 
the entire range of concentrations studied: 
x/m = KF Ce '^ " (2.7) 
where KF (l^ g '^"°^  mL"' g"') and 1/n (dimensionless) are empirical constants that 
depend on the nature of the adsorbent and adsorbate. The corresponding Freundhch 
adsorption isotherms are shown in Figure 2.3. In all cases, values of the determination 
coefficient, R^ were greater than 0.95. The values of Kp and 1/n for 
soil-carbofuran combinations were estimated by linear regression of the 
logarithmically transformed data and the values so obtained are summarized in Table 
2.4. The magnitude of Kp expresses the relative adsorption capacity for the adsorbate 
[25] for a system having comparable 1/n values and the extent or degree of adsorption 
[26]. The values of 1/n provide an idea of the intensity of adsorption which varies 
with the nature of the adsorbate. The sequence of Kp for carbofuran adsorption onto 
soils confirms the above order of adsorption. The 1/n values < 1 for F. R. I. silt loam. 
Alampur silt loam and Kalai loam soils indicate the non-linearity between solution 
equilibrium concentration and adsorption, and are in agreement with the L-shape of 
the isotherms. 
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Figure: 2.2. Adsorption isotherms of carbofuran on four different Indian soils. 
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Figure: 2.3. Freundlich adsorption isotherms of carbofuran on four different 
Indian soils. 
On the other hand, 1/n value > 1 for Bhoran sandy loam soil agrees with S-shaped of 
the isotherm. The lack of linearity may be attributed to specific interactions existing 
between compounds with polar groups and the organic matter or the mineral fraction 
of the soils. 
When the values of 1/n depart from unity, the distribution coefficient, KD 
values are often determined in order to estimate the extent of adsorption under 
equilibrium conditions [27]. For this reason, statistical average of the distribution 
coefficient, KD for each soil was calculated from the adsorption data using the 
relationship, 
KD = E(x/m.Ce)/Z(Ce) ' (2.8) 
where Y stands for the summation of the values. The KD values evaluated are given in 
Table 2.4. The sequence of KD values again confirms the above order of adsorption. 
The movement of carbofuran in soils expressed in terms of FRf values 
(average of three determinations) are summarized in Table 2.4. The FRf values are 
inversely proportional to the adsorption constant, Kp and partition coefficient KD 
values. The lower FRf values for F. R. I. silt loam soil followed by Alampur silt loam, 
Kalai loam and Bhoran sandy loam soils confirms the above order of adsorption. 
When the relative mobility of carbofiiran was compared to pesticide mobility 
classification [22] of TLC plates, the carbofuran behaves as very mobile in Bhoran 
sandy loam, mobile in Alampur silt loam and Kalai loam soils and intermediate 
mobile in F. R. I. silt loam soil. 
The adsorptive capacity of organic carbon, organic matter and clay content 
for soils was evaluated by calculating BCQC, KQM and Kc values using the relationships 
[28, 12], 
Koc = (KD X100) / %0C (2.9) 
KOM = ( K D X 1 0 0 ) / % O M (2.10) 
Kc =(KDxIOO)/%clay (2.11) 
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and results obtained are given in Table 2.4. These are the important parameters that 
play a significant role in assessment of environmental fate of organic chemicals. They 
provide an indication of the extent to which chemical partitioning occurs between the 
solid and solution phases in the soils. In the present study, Bhoran sandy loam soil 
exhibited higher KQM values than F. R. I. silt loam, Alampur silt loam and Kalai loam 
soils. This is common for the soils with low organic matter content. Hamaker and 
Thompson [29] suggested that this tendency was due to the significant contribution 
made by mineral phases towards adsorption. In the present work, carbofiiran 
adsorption could be correlated better with clay + silt content of the soils rather than 
with their organic matter content. Similar results have been reported by a niunber of 
other workers [30,12]. 
The change in firee energy (AG°) of carbofiiran adsorption was calculated by 
substituting the Koc values obtained from Eq. 2.9 to the equation proposed by Kim 
andFeagley [31], 
AG° = -RTlnKoc (2.12) 
where AG° is Gibbs fi^ee energy change (KJ mol'*), R is the universal gas constant 
(8.314 J mole"' ) and T is the absolute temperatiire (273 + 25 = 298 K) .The smaller 
and negative magnitude of AG° (Table 2.4) suggests that carbofiiran adsorption by the 
soils is controlled by either exothermic or exogamic process. The negative values of 
AG° suggest a spontaneous nature of carbofiiran adsorption on soils [32]. Smaller AG*^  
values also suggest that carbofiiran adsorption by soils is often promoted by weak 
physical forces [33]. The attractive forces in physical adsorption involve surface 
energies that are often less than a few KJ per mole, suggesting diffusion-controlled 
mechanism for adsorption of pesticide [34]. 
The carbofiiran leaching index (LI) was calculated by the equation proposed 
by Laskowski et al. [35], 
LI = (S x t,/2) / (Vp X Koc) (2.13) 
where S is aqueous solubility (320 mg L"' at 25" C) of carbofiiran, ti/2 is the half-life 
(50 days) of carbofiiran in soil, Vp is the vapour pressure of carbofiiran (8.3 x 10'^  mm 
Hgat25*'C). 
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The results obtained are summarized in Table 2.4. On examination of leaching index 
data, the higher LI values were obtained for F. R. I. silt loam soil followed by 
Alampur silt loam, Kalai loam and Bhoran sandy loam soils. This order of LI is 
directly proportional to KF and KD values. The larger LI value for F. R. 1. silt loam 
soil may be attributed to its greater adsorption capacity. In other words, greater 
environmental concerns relate to leaching of carbofuran for Bhoran sandy loam, Kalai 
loam and Alampur silt loam soils in comparison to F. R. I. silt loam soil. 
With a view to determining, by means of a statistical approach, the effect of 
soil properties on the adsorption of carbofuran, Pearson's correlations between the Kp 
and KD adsorption constants and the characteristics of the soils were calculated. The 
results obtained are summarized in Table 2.5. The results point to the existence of a 
positive correlation between the KF, KD constants and the organic carbon, clay 
content, clay + silt content and CEC of the soils and a negative correlation between 
KF and Ko constants and pH . There exists a highly significant correlation (r^  > 0.991; 
p < 0.01) between KF and KD and clay + silt content of the soils. The clay + silt 
content of the soils is determining factor for the adsorption of carbofuran on the 
studied soils. In addition to this, greater adsorption occurred on the soils with high 
organic matter content. 
The simple correlation coefficients between FRf values and KF and KD 
constants and soil parameters are shown in Table 2.5. Negative correlations are 
observed between FRf and Kp, KD, organic carbon, clay content, clay + silt content 
and CEC of the soils and a positive correlation between the FRf and pH of the soil. A 
highly significant negative correlation is observed between FRf and organic carbon (r^  
= - 0.995; p < 0.01). A significant negative correlation was observed between FRf and 
CEC (r = - 0.97; p < 0.05). A significant positive correlation is observed between FRf 
and pH of the soil (r^  = 0.964; p < 0.05). 
The results obtained were also subjected to multiple linear regression analysis 
by combining two or more variables with a view to establish the relative importance 
of soil parameters when they vary simultaneously. 
KD = 28.690 - 0.172 (clay) + 0.574 (clay + silt) - 1.662 pH R^=l 
KF = 119.021 + 1.819E - 02 (clay) + 2.020 (day + silt) - 18.466 pH R^-1 
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Analyzing the above equations, it is clear that mineral content (clay and clay + 
silt) of the soils is responsible for the carbofixran adsorption on the soils studied. pH is 
also an important factor governing the adsorption of carbofuran in the present study. 
In addition to the experimental determination, several researchers [36-42, 21] 
have evaluated the predicted log KQM values by using the following equations: 
log Koc = 3.64-0.55 logs [36] (2.14) 
log Koc = 0.937 log Kow - 0.006 [37] (2.15) 
logKoM-logKow-0.317 [38,39] (2.16) 
log KoM = 0.544 log Kow + 1 .377 [40] (2.17) 
logKoM= 0.53. lx+0.54 [41] (2.18) 
log KoM = 0.53 . Ix + 0.62 [42] (2.19) 
log KoM = 0.64 AI + 0.16 [21] (2.20) 
where S is the water solubility in |xg mL"', Kow is the 1-octanol/water partition 
coefficient, AI is the adsorbability index and *x is the first order molecular 
connectivity index for the different organic compounds studied. The log Koc obtained 
from equations (2.14) and (2.15) were evaluated in terms of log KOM and values 
obtained are summarized in Table 2.6. 
The predicted log KOM values for carbofuran were evaluated by substituting 
the appropriate values of the above coefficients for carbofiiran in equations (2.14) to 
(2.20), the corresponding data being listed in Table 2.6. The predicted log KQM values 
obtained from the aqueous solubility and 1- octanol/water partition coefficient (Kow) 
of carbofuran were considered to be erroroneous compared to those measured 
experimentally. However, when adsorbability index (AI) and first order molecular 
connectivity index ('x) were taken into consideration, the predicted KOM values were 
very close to those observed experimentally. Hence, the latter two parameters are 
better able to predict the adsorption behaviour of carbofuran than aqueous solubility 
and 1-octanol / water partition coefficient (Kow)-
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t: 
The value of adsorbability index (Al) and first order molecular connectivity 
index (^ x) quantify the shape and size of carbofuran, hence, it may be stated that 
structure of carboiuran has a dominant effect on the soil sorption process. 
The results of this study indicate that the higher adsorption and lower 
movement of carbofuran was obtained in soils which contains higher amount of 
organic matter and clay content and affinity of carbofiiran was better correlated to the 
mineral content of the soils than organic matter content. The significantly smaller and 
negative values of AG° further confirmed that carbofuran adsorption by soils is an 
exothermic spontaneous process and is promoted by weak physical forces. Since 
carbofiiran is less adsorbed on sandy loam soil in comparison to silt loam and loam 
soils, its potential to leach to shallow aquifers and groimd water is greater in sandy 
loam soil. 
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Chapter-Ill 
EFFECT OF CPC, BRIJ-35 AND SDBS SURFACTANTS ON THE 
ADSORPTION AND MOVEMENT OF CARBOFURAN IN 
INDIAN SOILS 
3.1. INTRODUCTION 
Carbofuran (2, 3-dihydro-2, 2-dimethylbenzofuran-7-yl methylcarbamate) is a 
systemic non-ionic broad spectrum acaricide/insecticide/nematicide widely used in 
the Indian subcontinent for the control of nematodes in soil. Its effectiveness, being a 
soil applied pesticide, however depends upon physicochemical properties of the soils. 
environmental conditions and its ability to reach the target organisms in an adequate 
concentration for a certain period of time. Most of the data on carbofuran adsorption 
on soils and other adsorbents deal with aqueous solutions [1-5]. Singh [6] has reported 
the effect of water-miscible organic co-solvents on the adsorption and movement of 
carbofuran in soils and verified the co-solvent theory proposed by Rao et al. [7]. 
Much attention now has been paid to study the effect of surfactants on the adsorption 
of hydrophobic organic compounds (HOCs) in soils [8, 9]. Several researchers have 
reported that surfactants above their critrical micelle concentration (CMC) enhance 
the solubility of HOCs or pesticides by partitioning it into the hydrophobic cores of 
surfactant micelles and it represents an important tool in chemical and biological 
remediation of the contaminated soil and sediments. 
Recently, Singh et al. [10] have reported the effect of varying CMCs of CTAB. 
SDS and Tween-20 on the adsorption and movement of carbofuran in soils and in 
view of the encouraging results obtained during this study, it was considered desirable 
to study the effect of other surfactants such as CPC, SDBS and Brii-35 on the 
adsorption and movement of carbofuran as the effect of these surfactants on 
carbofuran is not available in literature. Hence, in the present investigation an attempt 
has been made to study the adsorption and movement of carbofuran in soils in 
presence of aqueous solutions of various surfactants [cetyl pyridinium chloride (CPC. 
cationic), polyoxyethylene lauryl ether (Brij-35, non-ionic) and sodium dodecyl 
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benzene sulphonate (SDBS, anionic)] at different critical micelle concentrations (0.5 
X CMC, CMC and 2 X CMC). This type of study will help to understand how the 
adsorption of carbofuran is altered by the presence of such surfactants when both co-
exist in the soil as a result of human activity as well as the possible development of 
the use of surfactants in solving pollution problems posed by carbofuran in soils. 
3.2. EXPERIMENTAL 
3.2.1. Chemicals and Reagents 
Carbofuran Solution: 
Carbofuran (99.9% aqueous solubility 320 jig mL"'; log KQW = 2.315) was 
obtained from M/S Rallis Agrochemical Station, Mumbai, India. A stock solution of 
carbofuran of 500 |j,g mL"' concentration was prepared by dissolving requisite amount 
of carbofuran in 100 mL of methanol (AR grade, E. Merck, India Ltd.). Methanol was 
the preferred solvent because it showed no effect on surfactant solubilization. Higher 
alcohols cannot be utilized since they affect CMC value significantly [11]. 
0.1 % p-nitrobenzenediazonium tetraflouroborate Solution: 
0.1 g of p-nitrobenzenediazonium tetrafluoroborate (MERCK-Schuchardt, 
Germany) was dissolved in 100 mL methanol. 
4 N Sodium hydroxide (NaOH) Solution: 
160.0 g of NaOH pellets (AR grade, CDH Chemicals Ltd., India.) were 
dissolved in 1000 mL of distilled water. 
0.2 % Sulphanilic acid Solution: 
0.5 g of sulphanilic acid (GR grade, Merck India Ltd.) was dissolved in IN HCl 
solution and the volume was made up to 250 mL. 
0.3 % Sodium nitrite (NaNOz) Solution: 
0.75 g of NaNOi (Glaxo India Ltd.) was dissolved in 250 mL of distilled water. 
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Cetyl pyridinium chloride (CPC) Solution: 
0.34 g of CPC (AR grade, CDH Chemicals Ltd. India) was dissolved in 100 
mL of distilled water. The selected properties of CPC are given in Table 3.1. 
Polyoxyethylene lauryl ether (Brij-35) Solution: 
0.04 g of Brij-35 (AR grade, CDH Chemicals Ltd. hidia) was dissolved in 100 
mL distilled water. The selected properties of Brij-35 are given in Table 3.1. 
Sodium dodecyl benzene sulphonate (SDBS) Solution: 
0.43 g of SDBS (AR grade, CDH Chemicals Ltd. hidia) was dissolved in 100 
mL distilled water. The selected properties of SDBS are given in Table 3.1. 
3.2.2. Apparatus 
The apparatus used in this study is same as given in section 2.2.2 of Chapter-
II. 
3.2.3. Collection of Soil Samples 
The soils used in the present study were the same as given section 2.2.3 of the 
Chapter II and the physico-chemical properties of the soils are listed in Table 2.1 of 
Chapter-II. 
3.2.4. Preparation of Standard Curve of Carbofuran 
Standard curve of carbofuran was prepared as dicussed in section 2.2.5 and 
given in Figure 2.1 of Chapter-II. 
3.2.5. Adsorption Studies 
Batch equilibrium adsorption isotherms of carbofuran on soils in the presence 
and absence of aqueous solutions of the cationic, non-ionic and anionic surfactants at 
different critical micelle concentrations (0.5 x CMC, CMC and 2 x CMC) were 
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evaluated by taking 10 concentrations of carbofuran (5, 10, 15, 20, 25, 30, 35, 40, 45 
and 50 \ig mL"') in 100 mL glass stoppered conical flasks. The volume contained in 
each flask was made up to 20 mL by the addition of the requisite volume of methanol 
and surfactant solutions at different CMCs. To these solutions Ig of each soil was 
added and the resulting suspensions were maintained at 25°C for 24 h in an incubator 
with a shaking period of 3 hours. All experiments were conducted in duplicate. 
Preliminary studies showed that there was no measurable increase in the adsorption of 
carbofuran by the soils after 24 h either in presence or absence of the various 
surfactants at the three CMC values employed. The suspensions were centrifuged at 
15000 rpm for 10 min using a Beckman model L3-50 ultracentrifuge and the amount 
of carbofuran in the supematants was estimated spectrophotometrically [12]. This 
method has a detection limit of l|ig mL'\ The amoimt of carbofuran adsorbed was 
calculated as the difference between the initial carbofuran concentration and the 
equihbrium concentration according to the following expression: 
x/m = (Co-Ce)VAV (3.1) 
where x/m is the concentration of carbofuran in the soil (^g g"'), Co is the initial 
carbofuran concentration (ng mL"'), Ce is the equilibrium carbofuran concentration 
(^g mL"'), V is the solution volume and W is the weight of soil sample employed. 
3.2.6. Soil Thin Layer Chromatography (Soil TLC) 
The movement of carbofuran in soils was studied using soil TLC technique 
[13]. TLC is a qualitative screening tool suitable for obtaining an estimate of 
chemical's leaching potential according to OPPTS835.120, EPA guidelines. The 
detailed method of preparing the TLC plates is given in section 2.2.8 of Chapter-II. A 
10 |J.L volume of carbofuran solution of 1000 \xg mL"' concentration in methanol was 
applied as spot onto the TLC plates with the help of the lambda pipette held 3 cm 
above the bottom of the plates. A 2 cm wide strip of paper towel moistened with 
water was wrapped around the bottom of the plates to prevent disintegration of the 
soil layer when it came into contact with the eluents. The carbofuran spotted plates 
were eluted in distilled water and aqueous solutions of the different surfactants 
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studied at all the three critical micelle concentrations (0.5 X CMC, CMC and 2 X 
CMC) positioning the plates at an angle of 45° in the glass tank. After the eluent had 
migrated to a distance 10 cm from the base line, the plates were taken out and dried at 
room temperature. The movement of carbofuran was detected by spraying the 
developed plates with 5% methanolic KOH solution followed by 0.1% p-nitrobenzene 
diazonium tetrafluoroborate solution. The development of violet colored spots 
indicated the movement of carbofuran. The movement of carbofuran was expressed in 
terms of the Rf values [14], 
Rf = RT + RL 
2 
where RT and RL denote tailing and lateral fronts, respectively. The tailing and lateral 
fronts can be expressed by the equations 
RT = Distance moved by the upper part of the spot 
Distance moved by the developer 
and 
respectively. 
Ri = Distance moved by the bottom of the spot 
Distance moved by the developer 
3.3. RESULTS AND DISCUSSION 
The adsorption isotherms for carbofuran on soils in the absence and presence 
of the aqueous solutions of the surfactants are depicted in Figures 3.1-3.3 and the 
corresponding data is given in Tables 3.2.1-3.2.40. All these isotherms indicate the 
amount of carbofuran adsorbed per unit mass of solid adsorbent (x/m, |J.g g"') versus 
the equilibrium concentration (Ce, ng mL''). From these isotherms, it is clear that 
adsorption followed the order as F.R.I, silt loam > Alampur silt loam > Kalai loam > 
Bhoran sandy loam in the aqueous solution as well as in aqueous surfactant solutions 
at all CMC values studied. The higher adsorption onto F.R.I, silt loam soil may be due 
to the greater amount of organic matter, clay and calcium carbonate content [1,6] the 
higher surface area and the lower pH value [10] of F. R. I. silt loam soil followed by 
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Alampur silt loam, Kalai loam and Bhoran sandy loam soils (Table 1). According to 
the classification of Giles et al. [15], in surfactant free system the isotherms are L-
shaped for F.R.I, silt loam, Alampur silt loam and Kalai loam soils and S-shaped for 
Bhoran sandy loam soil. In presence of cationic surfactant, CPC the isotherms are L-
shaped for all four soils studied. In presence of non-ionic surfactant, Brij-35 and 
anionic surfactant, SDBS the isotherms are S-shaped for all the four soils studied. 
The L-shaped isotherms indicate the high affinity of the adsorbent for the adsorbate 
(carbofiiran) at low concentrations, with this diminishing as the initial concentration 
of the carbofiiran increased because of the increasing difficulty of finding vacant 
adsorption sites. The S-shaped isotherms suggest that adsorption onto soil is a 
complex phenomenon and reveals the interaction of adsorbate (carbofiiran) with 
different surface energies [16]. 
In all cases, the adsorption data could be described by the empirical 
Freundlich adsorption equation i.e. 
log (x/m) = log KF + 1/n log Ce (3.2) 
where KF and 1/n are constants associated with the affinity of the adsorbent for the 
adsorbate and to the degree of curvature of the isotherms respectively. The 
dimensions of KF are |J.g '^'°^  mL"g"^ while 1/n is dimensionless. In general, the values 
of the correlation coefficient, R ,^ were greater than 0.96. The values of KF and 1/n for 
the soil/carbofijran combinations were estimated by the linear regression of the 
logarithmically transformed data, with values so obtained being summarized in Tables 
3.3-3.5. The corresponding Freundlich adsorption isotherms are shown in Figure 3.4-
3.6 .The magnitude of Kp expresses the relative adsorption capacity for the adsorbate 
[17] for systems having comparable 1/n values and extent or degree of adsorption 
[18], while the value of 1/n provides an idea of the intensity of adsorption which 
varies with the nature of the adsorbate. The values of 1/n less than or greater than 1, 
indicate the non-linearity between the solution equilibrium concentration and 
adsorption. For the L-shaped isotherms, 1/n values are less than 1 and for S-shaped 
isotherms, 1/n values are greater than 1. The lack of linearity may be attributed to 
specific interactions existing between compounds with polar groups and the organic 
matter or the mineral fractions of the soils [19-20]. 
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When the values of 1/n depart from unity, the values of distribution 
coefficient, KD, are often determined in order to estimate the extent of adsorption 
under equilibrium conditions [21]. For this reason, the statistical average of the 
distribution coefficient, KD, for each soil in the presence and absence of aqueous 
solutions of the surfactants at different CMC values was calculated from the 
adsorption data using the relationship: 
KD = I (x /m.Ce) /E(Ce) ' (3.3) 
where X stands for the summation of the values. The values of KF, 1/n, R^ and KD 
thus evaluated are listed in Tables 3.3-3.5. On examination of these data, the hi^er 
values of KF and KD were observed for F.R.L silt loam soil followed by Alampur silt 
loam, Kalai loam and Bhoran sandy loam soils. The Freundlich constant and 
distribution coefficient in surfactant-free systems are denoted as KF and KD whereas in 
surfactant-soil-water systems are denoted as KF*and KD* respectively. 
On examination of these data, higher values of KF, KF*and KD, KD* were 
observed for F. R. 1. silt loam soil followed by Alampur silt loam, Kalai loam and 
Bhoran sandy loam soils. This confirms the order of carbofliran adsorption in both 
aqueous surfactant-free and surfactant containing systems (Figures 3.1-3.3). The 
higher KF*and KD*values in the presence of cationic sxirfactant, followed by the 
anionic and non-ionic surfactant (cationic > anionic > non-ionic) at all CMC values 
on all four soils studied also confirms that carbofiiran adsorption was greater in 
presence of cationic surfactant followed by anionic £ind non-ionic surfactant at all 
CMC values studied. 
3.3.1. Effect of the Cationic Surfactant (CPC) 
Figure 3.1(a-d) depicts the effect of the cationic surfactant at different CMC 
values on the adsorption of carbofiaran on the four soils studied. The higher values of 
the KF* and KD*(Table 3.3), for carbofiiran at 0.5 x CMC of surfactant compared to 
the corresponding KF and KD values (Table 3.3) in a surfactant-free system for all four 
soils demonstrates that the adsorption of carbofiiran increased at this CMC value. This 
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increase of both constants must be due to the partitioning of carbofliran into surfactant 
hemimicelles and admicelles formed on the soil surfaces due to the cationic nature of 
CPC [22]. 
However, in aqueous surfactant concentrations corresponding to CMC and 2 
X CMC, the observed values of KF*and KD* were increased markedly for F.R.I. silt 
loam and Bhoran sandy loam soils and decreased for Alampur silt loam and Kalai 
loam soils relative to the surfactant-free system (Table 3.3). This increase in 
adsorption at CMC and 2 X CMC concentrations of CPC for F.R.I. silt loam and 
Bhoran sandy loam soils is probably due to the high adsorption capacity of CPC 
micelles on soil surface in which the carbofliran molecules get incorporated and thus, 
increasing the adsorption of carbofliran. At high concentration, the surfactant would 
be mobile and would disperse to cover a zone, decreasing the solubilization of 
carbofliran [23]. The results are in accordance with work of Iglesias-Jimenez et al. 
[24] who studied the effect of surfactants on the adsorption of diazinon, atrazine, 
ethofumesate and acephate in a soil. The decrease in adsorption at CMC and 2 X 
CMC on Alampur silt loam and Kalai loam soils relative to surfactant-free system 
may be due to the adsorption of carbofuran by the CPC micelles present in the 
solution phase, leading to a net increase in the carbofuran concenfration in the 
solution phase. Similar results were reported by Kile and Chiou [25] in their studies of 
the water solubility enhancement of DDT and trichlorobenzene by some surfactants 
both below and above critical micelle concenfration. The differences in adsorption 
pattern of carbofuran in the F. R. I. silt loam & Bhoran sandy loam soils and Alampur 
silt loam and Kalai loam soils may be due to the difference in the type of clay content 
in the different soils. 
3.3.2. Effect of the Non-Ionic Surfactant (Brij-35) 
Figure 3.2 (a-d) depicts the effect of the non-ionic surfactant Brij-35 at 
different CMC values on the adsorption of carbofuran on the soils studied. The 
marked decrease in the values of KF* and KD* (Table 3.4) in the presence of the 
surfactant in all soils studied as compared to Kp and KD values in surfactant-free 
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system indicate the decreased adsorption of carbofuran in presence of surfactant at all 
the three CMCs studied (Table 3.4). At 0.5 X CMC of aqueous surfactant 
concentration, the decrease in adsorption may be partly due to the initial occupation of 
the soil adsorption sites by Brij-35 molecules and partly due to the replacement of the 
carbofuran molecules adsorbed on the soil surfaces by surfactant monomers. At CMC 
and 2 X CMC of aqueous surfactant concentration, carbofioran molecules get 
incorporated into the micelles present in the aqueous phase, thereby leading to a 
decrease in the number of carbofuran molecules available for adsorption [26-28]. As 
the surfactant forms micelles in the solution, these offer a better hydrophobic 
environment, which attracts compounds released into the solution. Similar results 
have been reported by Ahmad et al. [29]. 
3.3.3. Effect of the Anionic Surfactant (SDBS) 
Figure 3.3(a-d) depicts the effect of the anionic surfactant solutions at 
concentrations equal to 0.5 X CMC, CMC and 2 X CMC on the adsorption of 
carbofuran on various soils studied. At low concentration (0.5 X CMC), a slight 
decrease was observed relative to surfactant free system, whereas at CMC and 2 X 
CMC values a marked decrease in both KF*and KQ* values was observed (Table 3.5). 
Such results demonstrate a slight decrease in adsorption at 0.5 X CMC and marked 
decrease in adsorption at CMC and 2 X CMC concentrations of SDBS on all four 
soils studied. This decrease may be attributed to several mechanisms such as (i) 
competition for active hydrophobic adsorption sites on the soil surface between the 
carbofuran and SDBS molecules (ii) SDBS equilibria involving monomers and 
micelles (iii) partitioning of carbofuran amongst hydrophobic sites and SDBS 
micelles and (iv) interaction between carbofuran molecules and SDBS monomers. 
The results obtained in the present study conform to those of several workers [22, 30-
34] .The decrease in adsorption of carbofuran with increasing SDBS concentration 
with respect to the surfactant-free system for the soils studied suggests that SDBS 
enhanced the solubilization of carbofuran in the suspensions studied, with affinity of 
carbofuran for SDBS micelles being higher than that for monomers for soils 
concerned [30]. The micelles reduce the adsorption of carbofuran by increasing the 
apparent solubility and reducing the interfacial tension that hinders mass transfer. 
^ , ' - • . 134 
The movement of carbofuran in the soils in absence and presence of aqueous 
surfactant solutions as expressed in terms of the Rf values (average of the three 
determinations) are summarized in Tables 3.3-3.5. The Rf values are inversely 
proportional to the adsorption coefficient, Kp (KF*) and partition coefficient, KD 
(KD*) values. The lower Rf values for F. R. I. silt loam soil followed by Alampur silt 
loam, Kalai loam and Bhoran sandy loam soils in both aqueous surfactant - free and 
surfactant containing systems confirm the above order of adsorption. Table 3.6 shows 
the percentage of organic carbon content in soils in presence of various surfactant 
solutions at different CMC values. 
3.3.4. Remediation Efficiency 
The ratio of KD*/KD values were used to evaluate the remediation efficiency 
of the surfactants. If KD*/KD ratio exceeds 1, then the remediation of a pesticide 
contaminated soil is considered to be inefficient while if KD*/KD is less than 1, the 
soil remediation is considered to be efficient [35]. 
The KD*/KD ratios at 0.5 X CMC value of CPC exceed one for all the soils 
stiidied. The KD*/KD values at CMC and 2 X CMC exceed one for F.R.I, silt loam 
and Bhoran sandy loam soils but for Alampur silt loam and Kalai loam soils, it is less 
than 1 (Figure 3.7(a), Table 3.3). Thus, for FSL and BSL soils remediation is not 
favorable but for Alampur silt loam and Kalai loam soils remediation is favorable at 
CMC and 2 X CMC values of CPC. The point of decline for this KD*/KD goes beyond 
the maximxam surfactant uptake on the soil surface. 
The KD*/KD ratios at all the three CMC values of Brij-35 are less than one 
(Figure 3.7(b), Table 3.4) and this obvious reduction in the KD*/KD values is due to 
the solubility enhancement of carbofuran in the presence of surfactant. The obtained 
results of KD*/KD < 1 demonstrate that Brij-35 is efficient in remediating the soils 
contaminated with carbofiiran. 
The KD*/KD ratios at all the three CMC values of SDBS are less than one 
(Figure 3.7 (c). Table 3.5) and hence the remediation of the soils contaminated with 
carbofuran using the anionic surfactant, SDBS is favorable. 
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3.3.5. Influence of Organic Carbon and Clay Content on Adsorption 
of Carbofuran 
The affinity of carbofiiran towards organic carbon, KQC and clay content, Kc 
for soils in presence and absence of the surfactants was evaluated from the equations 
[36, 6], 
Koc - (KD X 100) / % OC (3.4) 
Kc = (KD X 1 GO) / % Clay (3.5) 
and results obtained are given in Tables 3.3-3.5. These are the important parameters 
that play a significant role in assessment of environmental fate of organic chemicals. 
They provide an indication of the extent to which chemical partitioning occurs 
between the solid and solution phases in the soils. In the present study, Bhoran sandy 
loam soil exhibited higher Koc values than F. R. I. silt loam, Alampur silt loam and 
Kalai loam soils. This is common for the soils with low organic matter contoit. 
Hamaker and Thompson [37] suggested that this tendency was due to the significant 
contribution made by mineral phases towards adsorption, hi the present work, 
carbofuran adsorption could be correlated better with clay + silt content of the soils 
rather than with their organic matter content. Similar results have been reported by a 
number of other workers [38, 6]. 
With a view to determining, by means of a statistical approach, the effect of 
soil properties on the adsorption of carbofiiran, Pearson's correlations between the KF. 
KD (surfactant-free) and KF*, KD* (surfactant-soil-water systems) and the 
characteristics of the soils were calculated using SPSS 11.0 for Windows. The results 
obtained are summarized in Table 3.7-3.8. The results point to the existence of a 
positive correlation between the KF, KD constants and the organic carbon, clay 
content, clay + silt content and CEC of the soils and a negative correlation between 
KF and Kp constants and pH. In presence of the cationic surfactant (CPC), highly 
significant correlations can be seen between KF* and KD* constants and organic 
carbon content of the soils at CMC and 2 X CMC. This is because the addition of 
cationic surfactant significantly increases the organic carbon content of the soils at 
these CMC values (Table 3.6). There also exists a significant negative correlation 
between KF* and KD*constants and pH. A negative correlation with pH shows that at 
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low pH values, adsorption increases. The addition of CPC affects the pH of the soil-
water systems and decrease in pH is observed with increase in CMC value. The 
decrease in pH values at these CMC values can also be attributed to the increase in 
organic carbon content of the soils at these CMC values. There exist highly significant 
correlations between Kp* and KD*constants and clay + silt content of the soils in 
presence of all the three surfactants. It could be ascribed to the fact that the molecules 
of the cationic surfactant are adsorbed on the clay fraction of the soil [39-41] whereas 
the molecules of the non-ionic and anionic surfactant are adsorbed to the fine silt 
content of the soils [42-44]. Highly significant correlations with CEC at 1 X CMC 
and 2 X CMC of CPC, also indicate an increase in the number of exchangeable sites 
on the soil surfaces owing to increase in the organic carbon content of the soils. The 
higher correlations with CEC also suggest that the role of clay content is also 
important, especially for the soils where the organic matter content was low [24] as 
indicated by high correlations with clay + silt content of the soils, hi addition to this, 
more adsorption takes place on the soils with high organic matter. The influence of 
both soil fractions is due to the structure of the carboftiran molecule which contains 
both a hydrophobic unit (benzyl and methyl groups) and a polar imit (-C00 group). 
Colloidal fractions, viz. organic carbon and clay, frequently influence the adsorption 
of pesticides which contain hydrophobic and polar groups in their molecular 
structures [45, 46]. 
Simple correlation coefficient between Rf values and Kp (Kp*) and Kp 
(KD*) constants and soil parameters are shown in Table 3.9. Negative correlations are 
observed between Rf and Kp (Kp*), KD (KD*) organic carbon, clay content, clay + silt 
content and CEC of the soils and a positive correlation between the Rf and pH of the 
soil in absence and presence of the surfactants. The negative correlation between the 
Kp, KD values and Rf signifies that as movement of carbofuran increases in soils, its 
adsorption decreases. In absence of sinfactants, highly significant negative correlation 
is observed between Rf and organic carbon {r^ = - 0.995; p < 0.01); Rf and CEC (r^  = -
0.97; p < 0.05) and a significant posifive correlafion is observed between Rf and pH of 
the soil (r^  = 0.964; p < 0.05). In presence of the cationic surfactant (CPC), there 
exists a highly significant negative correlation between Rf and organic carbon, CEC, 
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Table: 3.10. Regression equations between Kp (KF*) and KD (KD^) versus soil 
characteristics 
Constants CMC of Regression equations 
surfactants 
Cetyl Pyridinium Chloride (CPC) 
119.021 + 1.819E-02clay + 2.020 clay + silt - 18.466 pH R^=l 
-52.238 + 1.238 clay + 2.591 clay+ silt - 1.33E-02 CEC R^= 1 
-3.115-3.083 clay+ 1.06clay+silt +0.984CEC R^=l 
22.26 - 4.464 clay + 0.494 clay+ silt + 1.304 CEC R^= 1 
28.690-0.172 clay + 0.574 clay+ si l t - 1.662 pH R^=l 
19.04 - 0.305 clay + 0.668 clayf silt + 2.8535E-03 CEC R^=l 
33.417 - 0.877 clay + 0.262 clay+ silt + 0.162 CEC R^=l 
40.805 - 1.139 clay + 1.418E-02 clay+ silt + 0.296 CEC R^=l 
KF 
KF* 
KF* 
KF* 
KD 
KD* 
KD* 
KD* 
0.0 
0.5 
1.0 
2.0 
0.0 
0.5 
1.0 
2.0 
Polyoxyethylene lauryl ether (Brij - 35) 
KF 
KF* 
KF* 
KF* 
KD 
KD* 
KD* 
KD* 
0.0 
0.5 
1.0 
2.0 
0.0 
0.5 
1.0 
2.0 
KF 
KF* 
KF* 
KF* 
KD 
KD* 
KD* 
KD* 
0.0 
0.5 
1.0 
2.0 
0.0 
0.5 
1.0 
2.0 
119.021 + 1.819E-02clay + 2.020 clay + silt - 18.466 pH R'=l 
-13.465 -1.426 clay + 1.522 clay+ silt - 8.33E-03 CEC R^=l 
-9.057 - 7.21 clay + 0.859 clay+ silt - 2.32E-02 CEC R^=l 
-12.502 - 0.924 clay + 1.209 clay +silt - 4.10E-02 CEC R^=l 
28.690 - 0.172 clay + 0.574 clay+ silt - 1.662 pH R^=l 
, 2 24.259 - 1.545 clay + 0.529 clayf silt + 4.337E-02 CEC R = 1 
11.198 - 0.398 clay + 0.162 clayf silt +7.430E-02 CEC R^=l 
16.953 -0.932 clay + 0.350 clay+ silt + 5.577E-02 CEC R^=l 
Sodium Dodecyl Benzene Sulphonate (SDBS) 
119.021 + 1.819E-02 clay + 2.020 clay + si l t - 18.466 pH R^=l 
-8.29 - 0.56 clay + 0.933 clay+ silt - 9.22E-04 CEC R^=l 
-3.258 - 0.782 clay + 0.599 clay+ silt + 3.251E-02 CEC R^=l 
-2.985-0.337 clay + 0.345 clay+ silt 4.776E-03 CEC R-= 1 
28.69-0.172 clay+0.574 clay+silt- 1.662pH R'=l 
12.52 + 8.224E-02 clay + 0.408 clay+ silt -2.97E-03 CEC R-=l 
10.12 + 7.175E-02 clay + 0.387 clay+ silt- 1.52E-02 CEC R^=] 
9.86 - 0.118 clay + 0.354 clay+ silt - 4.59E-03 CEC R-=l 
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KD* and KF* constants of the soils. In presence of the non-ionic surfactant (Brij-35), 
there exists a significant correlation between Rf and KD* of the soils. In presence of 
anionic surfactant (SDBS), there exists a highly significant correlation exists between 
Rf and clay + silt content of soil. There also exist significant correlations between Rf 
and KD* and KF* constants of the soils. 
The results obtained were also subjected to multiple linear regression analysis 
by combining two or more variables with a view to know the relative importance of 
soil parameters when they vary simultaneously. Analyzing equations given in Table 
3.10, it is clear that mineral content (clay and clay + silt) of the soils is responsible for 
the carbofuran adsorption on the soils studied both in absence and presence of the 
surfactants. In absence of surfactants, pH also plays an important role in carbofiiran 
adsorption whereas in presence of surfactants of CEC plays a dominant role in 
carbofuran adsorption. 
The results of this study indicate that the higher adsorption and lower 
movement of carbofuran was obtained in soils which contains higher amount of 
organic matter and clay content and affinity of carbofuran was better correlated to the 
mineral content of the soils than organic matter content both in the presence and 
absence of the sxurfactants. To summarize the effects of surfactants on adsorption of 
carbofuran on soils in the present study, it can be said that the non-ionic surfactant, 
Brij-35 and anionic surfactant, SDBS are more capable for the solubilization of 
carbofiiran molecules into the solution than the cationic surfactant, CPC. The KD*/ KD 
values for non-ionic and anionic surfactant systems are less than one indicating that 
they can be used for remediation of soils contaminated with carbofiiran. Also, non-
ionic surfactants are better choices than anionic surfactants in soil washing to decrease 
the portion of carbofiiran sorbed on soil particles [47]. The soil TLC method applied 
for the estimation of the movement of carbofiiran only provides a rough estimation of 
a chemical's leaching potential. To reach an adequate understanding for the 
adsorption and movement of carbofuran on soils, selection of type of surfactants and 
their optimal concentration is very important. This study would provide information 
that is essential for modeling and designing of remediation processes which may help 
to solve pollution posed by carbofuran in soils. 
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EFFECT OF pCYCLODEXTRIN ON THE ADSORPTION AND 
DESORPTION OF CARBOFURAN IN SOILS OF DIVERGENT 
TEXTURE 
4.1. INTRODUCTION 
The fate of a pesticide applied to soil is governed to a large extent by its 
adsorption on the soil constituents, desorption of the adsorbed pesticides, its 
persistence and degradation. The frequent detection of pesticides as pollutants in soil. 
sediments and surface and ground water has contributed to the need for experimental 
studies on pesticide adsorption and desorption in soils so as to overcome the problems 
of environmental pollution. Hence, the clean-up of contaminated soils and 
groundwater has become a major focus of research. 
Addition of surfactants and organic cosolvents is known to increase the 
transport of pesticides from soils [1-4] and are used for remediating contaminated 
soils. However, it has been found that both surfactants and cosolvents have some 
disadvantages for soil remediation application. Surfactants form high-viscosity 
emulsions that are difficult to remove Irom the soils and inhibit microbial activity in 
the soils and cosolvents are effective in solubilizing pesticides only at high volume 
fractions [5, 6]. Cyclodextrins are a class of microbially produced compounds that are 
able to form inclusion complexes with organic compounds in solution, increasing 
their water solubility [7]. The applications of cyclodextrins as solubility-enhancing 
agents have been investigated [8-11]. The enhanced transport of low polarity 
compounds by cyclodextrins has been proposed as a method for cleanup of 
contaminated soils [12]. 
Carbofuran (2, 3-dihydro-2, 2-dimethylbenzofLiran-7-yl methyl carbamate) 
having the structure 
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is a systemic, non-ionic, broad-spectrum insecticide/nematicide and widely used in 
the Indian subcontinent for the control of nematodes in soils. Considerable amount of 
work has been done on adsorption and desorption of carbofuran on soils, clays, fly ash 
and synthetic inorganic ion exchangers [13-18]. It has been found that the adsorption 
of carbofuran is highly correlated with clay and mineral content of soils [19]. 
Recently, Singh [20] and Singh et al. [21] have reported the effect of water miscible 
organic cosolvents and surfactants on the adsorption and movement of carbofuran on 
soils. But the information pertaining to impact of cyclodextrins on carbofliran 
adsorption and desorption on soils is not available in literature. 
Hence, in the present study the effect of P-cyclodextrin on adsorption and 
desorption of carbofliran is evaluated in comparison to its adsorption and desorption 
in distilled water on four different Indian soils. 
4.2. EXPERIIMENTAL 
4.2.1. Chemicals and Reagents 
Carbofuran Solution: 
Carbofuran (99.9%; aqueous solubility 320 \ig mL"'; log Kow = 2.315) was 
obtained from M/S RaUis Agrochemical Station, Mumbai, India. A stock solution of 
carbofuran of 500 ^g mU' concentration was prepared by dissolving requisite amount 
of carbofuran in 100 mL of methanol (AR grade, E. Merck, India Ltd.). 
0.1 % p-nitrobenzenediazonium tetraflouroborate Solution: 
0.1 g of p-nitrobenzenediazonium tetrafluoroborate (MERCK-Schuchardt, 
Germany) was dissolved in 100 mL methanol. 
4 N Sodium hydroxide (NaOH) Solution: 
160.0 g of NaOH pellets (AR grade, CDH Chemicals Ltd., India.) were 
dissolved in 1000 mL of distilled water. 
0.2 % Sulphanilic acid Solution: 
0.5 g of sulphanilic acid (GR grade, Merck India Ltd.) was dissolved in IN HCl 
solution and the volume was made up to 250 mL. 
0.3 % Sodium nitrite (NaN02) Solution: 
0.75 g of NaNOi (AR grade, Glaxo India Ltd.) was dissolved in 250 mL of 
distilled water. 
0.01 M p-Cyclodextrin Solution: 
5.675 g of P-Cyclodextrin (AR grade, Himedia Laboratories Pvt. Ltd., India) 
was dissolved in 500 mL of distilled water. 
4.2.2. Apparatus 
The apparatus used in this study is same as given in section 2.2.2 of Chapter-
II. 
4.2.3. Collection of Soil Samples 
The soils used in the present study were the same as given section 2.2.3 of the 
Chapter II and the physico-chemical properties of the soils are listed in Table 2.1 of 
Chapter-II. 
4.2.4. Preparation of Standard Curve of Carbofuran 
Standard curve of carbofiiran was prepared as dicussed in section 2.2.5 and 
given in Figure 2.1 of Chapter-II. 
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4.2.5. Adsorption Studies 
Batch equilibrium adsorption isotherms of carboforan on soils in distilled 
water and in an aqueous solution of 0.01 M P-cyclodextrin were evaluated by taking 
10 different concentrations of carbofuran (5, 10, 15, 20, 25, 30, 35, 40, 45 and 50 ^g 
mL"') in 100 mL glass stoppered conical flasks. The volume contained in each flask 
was made up to 20 mL by the addition of the requisite volume of methanol and 
distilled water or 0.01 M p-cyclodextrin solution. To these solutions Ig of each soil 
was added and the resulting suspensions were maintained at 25°C for 24 h in an 
incubator with a shaking period of 3 hours. All experiments were conducted in 
duplicate. Preliminary studies showed that there was no measurable increase in the 
adsorption of carbofuran by the soils after 24 h either in presence or absence of 0.01 
M P-cyclodextrin solution. The suspensions were centrifuged at 15000 rpm for 10 min 
using a Beckman model L3-50 ultracentrifuge and the amount of carbofuran in the 
supematants was estimated spectrophotometrically [22]. This method has a detection 
limit of lug mL"'. The amount of carbofuran adsorbed was calculated as the 
difference between the initial carbofuran concentration and the equilibrium 
concentration according to the following expression: 
x/m = (Co-Ce) VAV (4.1) 
where x/m is the concentration of carbofuran in the soil (|j.g g"'), Co is the initial 
carbofuran concentration (^g mL''), Ce is the equilibrium carbofuran concentration 
(Hg mL"'), V is the solution volume and W is the weight of soil sample employed. 
4.2.6. Desorption Studies 
Desorption studies were carried out after adsorption equilibrium was reached, 
for points corresponding to carbofuran initial concentrations of 10, 20, 30, 40 and 50 
i^g mL'' in distilled water, by removing the supernatant after centrifiigation, replacing 
it by 20 mL distilled water or 0.01 M P-cyclodextrin solution, allowing equilibration 
for an additional 24 h with a shaking period of 3 h and then following the procedure 
as in the adsorption experiments. Three consecutive desorptions were carried out. 
4.3. RESULTS AND DISCUSSION 
4.3.1. Adsorption Studies 
The adsorption of carbofuran on F.R.I, silt loam, Alampur silt loam, Kalai 
loam and Bhoran sandy loam soils both in distilled water and 0.01 M P-cyclodextrin 
solution is represented by the adsorption isotherms (Figure 4.1 (a-d)) and the 
corresponding data is given in Tables 4.1.1-4.1.8. These isotherms indicate the 
amount of carbofuran adsorbed per imit mass of solid adsorbent (x/m, ^g g"') versus 
the equilibrium concentration (Ce, ng mL"'). It is clear from the isotherms that 
adsorption follows the order, F.R.I. silt loam > Alampur silt loam > Kalai loam > 
Bhoran sandy loam in both the systems. The higher adsorption on F.R.I. silt loam soil 
may be due to the greater amount of organic matter, clay content or lower pH in F.R.I, 
silt loam followed by Alampur silt loam, Kalai loam and Bhoran sandy loam soils 
(Table 2.1). According to classification of Giles et al. [23], the adsorption isotherms 
were of L-shaped for F.R.I. silt loam, Alampur silt loam and Kalai loam soils while 
that of S-shaped for Bhoran sandy loam soil both in distilled water and 0.01 M P-
cyclodextrin solution (Figure 1). The L-shaped isotherms indicated the high affinity 
of the adsorbent for the adsorbate (carbofuran) at its low concentrations, it being 
increasingly harder to find sites vacant for adsorption as the concentration increases. 
The S-shaped isotherm suggests that adsorption on soil is a complex phenomenon and 
reveals the interaction of adsorbate (carbofuran) with different types of adsorption 
sites having different surface energies [24]. The upward nature of curves (Figure 4.1) 
indicated that after complete adsorption on adsorbent surface, the adsorbate molecules 
attract each other and associate on adsorbent surfaces. The S-shaped isotherm also 
suggests that adsorption is enhanced at higher concentrations. 
Adsorption data for all soils both in distilled water and 0.01 M P-cyclodextrin 
solution were found to obey the Freundlich equation over the entire range of 
concentrations studied: 
log (x/m) = log K F + 1/n log Ce (4.2) 
where KF {\ig '''"^ mL'^  g"') and 1/n (dimensionless) are empirical constants that 
depend on the nature of the adsorbent and adsorbate. In all cases, values of the 
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determination coefficient R' were greater than 0.95. The values of Kp and l/n for 
soil-carboftiran combinations were estimated by hnear regression of the 
logarithmically transformed data and the values so obtained are summarized in Table 
4.2. The corresponding Freundlich adsorption isotherms are shown in Figure 4.2 (a-
d). The magnitude of Kp expresses the relative adsorption capacity for the adsorbate 
[25] for the system having comparable l/n values and the extent or degree of 
adsorption [26]. The values of l/n provide an idea of the intensity of adsorption which 
varies with the nature of the adsorbate. The sequence of Kp for carbofiiran adsorption 
on soils confirms the above order of adsorption. The l/n values < 1 for F.R.I. silt 
loam, Alampur silt loam and Kalai loam soils indicate the non-linearity between 
solution equilibrium concentration and adsorption, and are in agreement with the L-
shape of the isotherms. On the other hand, l/n value > 1 for Bhoran sandy loam soil 
agrees with S-shaped of the isotherm. The lack of linearity may be attributed to 
specific interactions existing between compounds with polar groups and the organic 
matter or the mineral fi^action of the soils. 
When the values of l/n depart fi-om unity, the distribution coefficient, KD 
values are often determined in order to estimate the extent of adsorption under 
equilibrium conditions [27]. From the adsorption data, statistical average of the 
distribution coefficient, KD for each soil was calculated firom the relation, 
KD = Z(x/m.Ce) /Z(Ce) ' (4.3) 
where Z stands for the summation of the values. The values of Kp, l/n, R^  and KD 
thus evaluated are listed in Table 4.2. On examination of these data, the higher values 
of Kp and Kp were observed for F.R.I. silt loam soil followed by Alampur silt loam, 
Kalai loam and Bhoran sandy loam soils in both distilled water and 0.01 M P-
cyclodextrin solution which confirm the above order of adsorption. 
The Kp and KD values in the presence of 0.01 M P-cyclodextrin were lower 
compared to those in distilled water in all four soils studied. This confirms that in all 
soils studied a decrease in carbofiiran adsorption capacity was observed in 
comparison with the adsorption obtained when carboftiran-distilled water solutions 
were used. This decrease in carbofuran adsorption on soils in presence of 0.01 M P-
cyclodextrin may be due to the formation of an inclusion complex with carbofiiran 
169 
with a higher water solubihty than that of carbofuran and, therefore, with a higher 
tendency to remain in solution as complex than to be adsorbed on the soil [28]. 
The affinity of carbofuran towards organic carbon and clay content for soils 
was evaluated by calculating Koc and Kc values using the relations [29, 20], 
Koc = (KD X 100) / % OC (4.4) 
Kc = (KD X 100) / % Clay (4.5) 
and results obtained are given in Table 4.2. These are the important parameters that 
play a significant role in assessment of environmental fate of organic chemicals. They 
provide an indication of the extent to which chemical partitioning occurs between the 
solid and solution phases in the soils, hi the present study, Bhoran sandy loam soil 
exhibited higher Koc values than F.R.I, silt loam, Alampur silt loam and Kalai loam 
soils. This is common for the soils with low organic matter content. Hamaker and 
Thompson [30] suggested that this tendency was due to the significant contribution 
made by mineral phases towards adsorption. In the present work, carbofuran 
adsorption could be correlated better with clay + silt content of the soils rather than 
with their organic matter content. Similar results have been reported by a number of 
other workers [32, 20]. 
With a view to determining, by means of a statistical approach, the effect of 
soil properties on the adsorption of carboftiran, Pearson's correlations between the KF 
and KD adsorption constants and the characteristics of the soils were calculated. The 
results point to the existence of a positive correlation between the Kp, KD constants 
and the organic carbon, clay content, clay + silt content and CEC of the soils and a 
negative correlation between Kp and KD constants and pH in both the systems. There 
exists a highly significant correlation, r^  > 0.991; p < 0.01 and r^  > 0.947; p < 0.05 
between KF and KD and clay + silt content of the soils in distilled water and 0.0 IM P-
cyclodextrin solution, respectively. The clay + silt content of the soils is determining 
factor for the adsorption of carboftiran on the studied soils. In addition to this, more 
adsorption takes place on the soils with high organic matter content. 
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The results obtained were also subjected to multiple linear regression analysis 
by combining two or more variables with a view to know the relative importance of 
soil parameters when they vary simultaneously. 
In distilled water, 
KD - 28.690 - 0.172 (clay) + 0.574 (clay + silt) - 1.662 pH R^=l 
KF = 119.021 + 1.819E - 02 (clay) + 2.020 (clay + silt) - 18.466 pH R^=I 
In 0.0IM p-cyclodextrin solution, 
KD =102.525 +0.244 (clay) + 0.169 (clay + silt) -11.841 pH R^=l 
KF = 179.635+ 0.249 (clay) + 0.649(clay + silt) - 23.075 pH R^=l 
Analyzing the above equations, it is clear that mineral content (clay and clay + silt) of 
the soils is responsible for the carbofuran adsorption on the soils studied in both the 
systems. pH is also an important factor governing the adsorption of carbofuran in the 
present study. 
4.3.2. Desorption Studies using Distilled Water as Desorbent 
Figure 4.3 (a-d) shows the desorption isotherms of carbofuran from the four 
soils under study employing distilled water as desorbent. In all cases, positive 
hysteresis was observed, indicating that desorption of carbofuran from these soils was 
not completely reversible. The total percentages of carbofuran desorbed (% D) for 
each concenfration under study for all four soils are given in Table 4.3. At lower 
initial concentration, lower desorption occurred indicating that carbofuran molecules 
were tightly adsorbed at low surface coverage. The percentages of desorption 
observed for each soil are inversely proportional to the Freundlich adsorption constant 
KF and distribution coefficient KD of the soil, that is, the higher the values of these 
constants, the lower the percentage of carbofuran desorbed from the soil. The lowest 
percentage of desorption was observed in F.R.I, silt loam soil which can be attributed 
to high organic matter content of the soil. High desorption was observed in Bhoran 
sandy loam soil as both organic matter and clay content in this soil is very low. 
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Table: 4.3. Percentage of carbofuran desorbed from soils studied. 
Soils 
F.R.I, silt loam 
Alampur silt loam 
Kalai loam 
Bhoran sandy loam 
Carbofuran initial 
_ _ A. J.* 
concentration (Mg mL" )^ 
10 
20 
30 
40 
50 
10 
20 
30 
40 
50 
10 
20 
30 
40 
50 
10 
20 
30 
40 
50 
Desorbent 
Distilled water 0.01 M fi-cyclodextrin 
14.50 
17.04 
20.00 
23.67 
24.30 
19.64 
20.31 
22.83 
26.90 
29.45 
21.80 
22.50 
24.32 
28.72 
30.95 
76.00 
76.20 
80.10 
80.40 
84.61 
34.00 
45.70 
57.77 
63.00 
65.00 
46.43 
57.81 
63.90 
69.07 
71.98 
50.00 
61.29 
66.66 
71.28 
73.80 
100.00 
100.00 
100.00 
100.00 
100.00 
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Table: 4.3. Freundlich parameters for carbofuran desorption from soils using 
distilled water as desorbent. 
Soils 
F.R.I. silt loam 
Alampur silt loam 
Kalai loam 
Bhoran sandy loam 
Carbofuran initial 
concentration 
(Hg mL-') 
10 
20 
30 
40 
50 
10 
20 
30 
40 
50 
10 
20 
30 
40 
50 
10 
20 
30 
40 
50 
Kpd 
159.95 
289.13 
392.02 
461.96 
548.78 
149.59 
269.40 
331.28 
398.65 
448.33 
149.62 
251.94 
319.15 
343.40 
383.27 
32.29 
37.09 
43.73 
26.43 
10.39 
(l/n)d 
0.04 
0.05 
0.05 
0.06 
0.06 
0.07 
0.08 
0.15 
0.16 
0.27 
0.13 
0.19 
0.24 
0.26 
0.27 
0.38 
0.66 
0.79 
1.00 
1.36 
H 
14.50 
11.60 
11.60 
9.67 
9.67 
9.71 
8.50 
4.53 
4.25 
2.51 
5.54 
3.79 
3.00 
2.77 
2.67 
3.61 
2.07 
1.73 
1.37 
1.00 
178 
The desorption isotherms depicted in Figure 4.3 (a-d) could be well described 
by the Freundlich equation and corresponding Freundlich desorption isotherms are 
shown in Figure 4.4 (a-d). The Freundlich desorption constant Kpd, (l/n)d and 
Hysteresis coefficient H = (l/n)a / (l/n)d [32, 33] are given in Table 4.4. There was 
generally a consistent increase in Kpd and (l/n)d as the intial concentration of 
carbotliran increased. A similar increase was reported by Raman et al. [34]. The 
desorption isotherm (l/n)d values were less than adsorption (l/n)a values indicating 
positive hysteresis. Since adsorption reactions do not always involve only weak 
reversible bonding, hysteresis is often observed in adsorption/ desorption studies [35]. 
The desorption of carbofbran from these soils was not completely reversible. As the 
initial concentration of carbofiiran increased, hysteresis decreased (lower H), which 
indicated a decreased irreversibility of strongly bound chemical to soil colloidal 
components at higher initial concentrations, that is as the initial concentration of 
carbofiiran increased desorption increased. 
From desorption experiments, coefficients for retention of carbofiiran on soils 
were obtained after each desorption step. From plot of logarithm of amount adsorbed 
as a fimction of its equilibrium concentration after each desorption step, three 
Freundlich constants Ki, K2 and K3 were obtained for all four soils and are given in 
Table 4.5. These K values are all higher than their respective adsorption values. This 
is because of higher amount of pesticide retained after desorption than that of 
adsorption at unit equilibrium concentration. Similar observations were reported by 
earlier workers [24, 36, 37]. This indicates that amount of pesticide desorbed 
decreased at each stage of desorption and a portion is retained which caimot be 
desorbed. 
4.3.3. Desorption Studies using 0.01 M p-Cyclodextrin as Desorbent 
Figure 4.5 (a-d) shows the desorption isothenns of carbofiiran from the four 
soils under study employing 0.01 M P-cyclodextrin solution as desorbent. The total 
percentages of carbofiiran desorbed (% D) for each concentration under study for all 
four soils are given in Table 4.3. In all cases a negative hysteresis can be observed; 
that is, more carbofiiran was desorbed with respect to the adsorption isotherm. As in 
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the earlier case, adsorption of carbofliran was more irreversible at the lowest 
carbofliran initial concentration. This tendency is more pronounced in F.R.I, silt loam 
soil which has the highest adsorption capacity due to the higher amount of organic 
matter content. For Alampur silt loam and Kalai loam soils also desorption was 
considerably increased in comparison to distilled water as desorbent. A 100% 
desorption of carbofliran from Bhoran sandy loam soil was observed with P-
cyclodextrin because this soil has very low organic matter content. 
These desorption isotherms do not fit the Freundlich equation. These 
isotherms point to a considerable degree of desorption of carbofuran in the first 
desorption step followed by small desorptions in successive steps. The high 
desorption of carbofiiran employing 0.01 M p-cyclodextrin solution indicated that 
carbofliran formed complexes with p-cyclodextrin and remained in solution, thereby 
leading to a decrease in the number of carbofiiran molecules available for adsorption 
on soil surfaces. Similar results have been obtained by Perez-Martinez et al. [38] 
Villaverde et.al. [39] on their studies using p-cyclodextrin as desorbent for 2, 4-D and 
norflurazon from soils. 
The adsorption and desorption of carbofiiran on four soils of divergent texture 
was studied in distilled water and 0.01 M P-cyclodextrin solution. The results 
indicated that the adsorption of carbofiiran on soils was considerably decreased and 
desorption of carbofiiran was enhanced with P-cyclodextrin solution as compared to 
distilled water. Hence, P-cyclodextrin can be considered as an effective and economic 
tool for remediation of soils contaminated with carbofiiran. As, there is a great interest 
in developing systems that can enhance the transport of organic compounds through 
porous media, thus facilitating remediation, the high affinity of cyclodextrins for a 
great variety of pesticides makes them possible candidates for use as soil 
decontaminants as has already been demonstrated by earlier studies in the case of 
remediation of soils contaminated with pesticides. 
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Chapter-V 
ADSORPTION THERMODYNAMICS OF CARBARYL ON FOUR 
TEXTURALLY DIFFERENT INDIAN SOILS 
5.1. INTRODUCTION 
Extensive use of pesticides in agricultural fields and high leaching potential of 
most of them is among the most prominent sources of groundwater contamination. 
Deterioration of groundwater quality due to the presence of these harmful organic 
compounds has aroused a global concern over the last few decades. It has been 
reported by several researchers [1-8] that pesticides are found in surface and 
groundwater as pollutants. Recently, Singh et al. [9] have reported that this problem is 
most severe in developing countries like India where groundwater aquifers constitute 
the major drinking water resources. This has contributed to the need for experimental 
studies on pesticide adsorption behavior in soils so as to overcome the problems 
arising from the presence of these compounds in surface and groundwater. Adsorption 
is one of the most important processes affecting the mobility, persistence, bioactivit>. 
toxicity and efficacy of pesticides in soil environment [10-14]. Literature on this 
aspect has been reviewed by Bailey and White [15], Cheng [16] and Wauchope el al. 
[17]. 
Carbamate pesticides are used increasingly in agriculture and horticulture as a 
replacement of more environmentally persistent organochlorines and 
organophosphorus pesticides. Carbaryl (1-naphthyl-N-methylcarbamate), a non-
ionic, contact insecticide with slight systemic properties is widely recommended in 
agriculture against insect pests of cereals, fruits, vegetables and other crops. Its 
structure can be represented as: 
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Carbaryl is toxic to both targeted and benellcial insects (eg. honey bees) as well as 
crustaceans. Carbaryl is a cholinesterase inhibitor and is toxic to humans. It is 
classified as a likely human carcinogen by USEPA. It can produce adverse effects in 
humans by skin contact, inhalation, or ingestion. It does not readily volatilize into the 
atmosphere and might be found in the atmosphere associated with air-bome 
particulates or as a spray drift. If existing in air, it tends to react with hydroxyl radical 
in the ambient atmosphere [18]. Carbaryl in air was monitored after being applied to a 
large area of forest in Maine for the control of spruce budworm and the concentrations 
ranged from 0.0035 to 0.107 g m'^  [19]. Carbaryl moderately binds to soil and has 
potential to leach to groundwater. Carbaryl has been detected in groundwater in three 
separate cases in CaUfomia [20]. 
Most of the data oh carbaryl adsorption on soils and clays deals with aqueous 
solutions [21-24]. Recently, Singh et al. [25] have studied the effect of water miscible 
organic solvents (acetone and methanol) and surfactants on the adsorption and 
movement of carbaryl in soils. But, the effect of various temperatures on carbaryl 
adsorption is not available in the literature. Hence, in the present investigation, an 
attempt has been made to study the adsorption of carbaryl in four texturally different 
Indian soils at two different temperatures viz. 25° and 50° C and vanous 
thermodynamic parameters such as thermodynamic equilibrium constant (Ko), 
standard free energy (AG°), enthalpy (AH°) and enfropy (AS°) changes were 
calculated in order to predict the nature of adsorption. 
5.2. EXPERIMENTAL 
5.2.1. Chemicals and Reagents 
Carbaryl Solution: 
Carbaryl (99.9%; aqueous solubility 104 mg L''; log KQW = 2.35) was 
obtained from M/S Bayer Crop Science India Ltd., Mumbai. A stock solution of 
carbaryl of 1000 \xg mL"' concentration was prepared by dissolving requisite amount 
of carbaryl in 100 mL methanol (AR grade, E. Merck, India Ltd.). Methanol was the 
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preferred solvent as it showed no effect on the surfactant solubihzation; higher 
alcohols could not be utilized since they affect CMC values significantly [26]. 
0.03 % p-nitrobenzenediazonium tetrafluoroborate Solution: 
0.03 g of p-nitrobenzenediazonium tetrafluoroborate (MERCK-Schuchardt, 
Germany) was dissolved in 100 mL methanol. 
0.5 N Sodium hydroxide (NaOH) Solution: 
20 g of NaOH (AR grade, CDH Chemicals Ltd. India) was dissolved in 1000 
mL of distilled water. 
5.2.2. Apparatus 
The apparatus used in this study is same as given in section 2.2.2 of Chapter-
II. 
5.2.3. Collection of Soil Samples 
The soils used in the present study were the same as given section 2.2.3 of the 
Chapter II and the physico-chemical properties of the soils are listed in Table 2.1 of 
Chapter-II. 
5.2.4. Preparation of Standard Curve of Carbaryl 
Standard curve (Figure 5.1) of carbaryl was prepared by using the method 
proposed by Stansbury and Miskus [27] in which varying volumes (0 to 5 mL) of 10 
^g mL"' carbaryl solution were pipetted into a number of 25 mL standard flasks. To 
these solutions 5 mL of 0.5 N NaOH and 5 mL of 0.03% methanolic solution of p-
nitrobenzenediazonium tetrafluoroborate was added and the volume in each flask was 
made up to the mark with methanol and left for 30 minutes. The absorbance was 
recorded against reagent blank at 590 nm using T-70 UV/VIS Spectrophotometer. 
I8S 
5.2,5. Adsorption Studies 
Batch equilibrium adsorption experiments of carbaryl on soils were performed 
by taking eight concentrations of carbaryl (5, 10, 15, 20, 25, 30, 35, 40 |a,g mL"') in 
100 mL glass stoppered conical flasks. The volume contained in each flask was made 
up to 20 mL by the addition of the requisite volume of methanol and distilled, water at 
fixed volume fi-action (fs= 0.1). To these solutions 1 g of each soil was added and the 
resulting suspensions were then shaken in a temperature controlled shaker for 3 h at 
25 + 1 C for the first set of experiments and at 50 + 1 C for the second one and left 
overnight. Preliminary experiments revealed a contact time of 24 h to be sufficient for 
equilibrium to be reached in both systems. All the experiments were conducted in 
triplicate. The suspensions were then centrifiiged at 15000 rpm for 10 min using a 
Beckman model L3-50 Ultracentrifiige and the carbaryl in supernatant liquids 
estimated spectrophotometrically at 590 rrai by the method proposed by Stansbury 
and Miskus [27] using T-70 UV/VIS Spectrophotometer. This method has a detection 
limit of O.l^g mL"'. The instrument has a minimum detection limit of + 0.002 Abs. 
The amount of carbaryl adsorbed was calculated as the difference between the initial 
and equilibrium concentrations in solution using the following expression: 
x/m = (Co-Ce)V/W (5.1) 
where x/m is the concentration of carbaryl in the soil (|J,g g" ), Co is the initial 
concentration of carbaryl in solution (\ig mL"'), Ce is the equilibrium concentration of 
carbaryl in solution (|j.g mL''), V is the volume of solution and W is the weight of the 
soil employed. 
5.2.6. Evaluation of Adsorbability Index (AI) and the First Order 
Molecular Connectivity Index Cx) of Carbaryl 
Adsorbability index proposed by Abe et al. [28] is an empirical molecular 
descriptor derived from a group contribution method based on molecular refractivity 
to predict activated carbon adsorption of 157 compounds. This index was also applied 
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Figure: 5.1. Standard curve of carbaryl. 
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to predict the soil sorption coefficient of the same 157 compounds [29]. The 
adsorbability index (AI) of carbaryl was evaluated from equation (5.2) by inserting 
the values of A and I as listed in the Table 2.2 of Chapter II derived from the work of 
Abe etal. [28], 
AI = l A + SI (5.2) 
where A and I are the factors for the respective increase and decrease in the 
adsorbability of the atom or fiinctional group in the molecule from aqueous solution 
on to the various soils studied, the AI value for carbofiiran being equal to 5.11. 
The first-order molecular cormectivity index ('x) for carbofiiran was evaluated 
by substituting the above AI value for the following equation proposed by Okouchi 
and Saegusa [29]: 
'x=1.16AI-0.68 (5.3) 
from which a corresponding value of 5.247 was obtained. 
5.2.7. Evaluation of Thermodynamic Parameters 
The average partial molar free energy (F) changes that occur during the 
interaction were determined by the thermodynamic relationship, 
F = RTln(Ce/Co) (5.4) 
where Ce and Co were the equilibrium and initial concentrations of the carbaryl in 
equilibrium suspensions, respectively. 
The thermodynamic equilibrium constant Ko for the adsorption was calculated 
by the method of Biggar and Cheung [30], 
Ko = (Cs/Ce)x(Ys/ye) (5.5) 
where Cs is the amount of carbaryl adsorbed per gram of the solvent in contact with 
soils, Ce (i^ g mL' ) is the concentration in equilibrium suspension, js and 7e are the 
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activity coefficients of the adsorbed solute and solute in equilibrium suspension 
respectively and assumed to be the unity [31] in the dilute range. 
The value of Cs were calculated using the equation proposed by Fu et al. [32], 
Cs= [(p / M) X A] / [(S / N). (x / m)] (5.6) 
where p is the density of the solvent (g mL"'), M the molecular weight of the solvent 
(g mol"'), A is the cross sectional area (cm^ molecule'^) of the solvent molecule, N is 
the Avogadro's number, S is the surface area of the adsorbent (m"^  g ') and x/m is the 
amount of carbaryl adsorbed expressed in |xg g"'. 
The cross sectional area of the solvent is estimated by the equation [33], 
A = 1.091 X 10•'^ [M X 1 O^ V (N. p) f^ (5.7) 
The values of Ko were obtained by plotting In {CJC^ vs Cs and extrapolating Cs to 
zero. 
The standard free energies (AG", KJ mole'), enthalpies (AH^ KJ mole') and 
entropies (AS", KJ deg mole"') changes for adsorption of carbaryl were evaluated 
from equations 5.8, 5.9 and 5.10. 
AG° = -RTlnKo (5.8) 
In (K0T2 / KoT,) = (-AH°/ R) x (I/T2 - 1/Ti) (5.9) 
AG*' = AH°-TAS° (5.10) 
5.3. RESULTS AND DISCUSSION 
The adsorption isotherms of carbaryl on soils at 25° and 50° C are depicted in 
Figure 5.2 (a-d) and corresponding data is given in Tables 5.1.1-5.1.8. All these 
isotherms indicate the amount of carbaryl adsorbed per unit mass of solid adsorbent 
(x/m, fig g' ) versus the equilibrium concentration (Ce, |.ig mL"'). In all the soils the 
adsorption was higher at 50° C than at 25° C From the isotherms it is also clear that 
the adsorption follows the order as F.R.I, silt loam > Alampur silt loam > Kalai loam 
> Bhoran sandy loam at both the temperatures studied. The higher adsorption on 
F.R.I, silt loam soil may be due to higher amount of organic carbon and clay content 
in F.R.I, silt loam soil compared to Alampur silt loam, Kalai loam and Bhoran sandy 
loam soils (Table 2.1). The adsorption of carbaryl on the soils studied is directly 
proportional to the surface area of the soils, i. e. higher is the surface area, higher is 
the adsorption [34]. All the isotherms at both the temperatures are L-shaped [35] and 
indicate a high degree of affinity of the adsorbent for the adsorbate and suggest that as 
the active sites of the adsorbent became saturated, the adsorption of new molecules 
occurred with great difficulty. 
All L-shaped isotherms obtained at 25° and 50° C could be described by the 
empirical Freundlich equation 
log x/m = log KF + 1/n log Ce (5.11) 
where Kp and 1/n are the constants associated with the affinity of the adsorbate for the 
adsorbent and the degree of curvature of the isotherms, respectively. The dimension 
of KF is |j,g '^""' mL" g'* whereas 1/n is dimensionless. The corresponding Freundlich 
adsorption isotherms are shown in Figures 5.3 (a-d). In general the values of the 
coefficient of determination (R^) were greater than 0.96. The values of Kp and 1/n for 
carbaryl-soil combinations as estimated fi^om the linear regression of the 
logarithmically transformed data are summarized in Table 5.2. The magnitude of Kp 
expresses the relative adsorption capacity for the adsorbate [36] for the system having 
comparable 1/n values and the extent or degree of adsorption [37]. The sequence of 
Kp for carbaryl adsorption on soils confirms the above order of adsorption. The values 
of 1/n provide an idea of the intensity of adsorption which varies with the nature of 
the adsorbate. The values of 1/n < 1 indicate a degree of non-linearity between 
solution equilibrium concentration and adsorption, and are in agreement with the L-
shape of the isotherms. The lack of linearity may be attributed to specific interactions 
existing between compounds with polar groups and the organic matter or the mineral 
fraction of the soils [34, 38]. 
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As the values of 1/n depart from unity it was considered appropriate to use the 
distribution coefficient, KD, as a measure of the soil adsorption capacity as it 
represents the adsorption under equilibrium conditions [39]. The statistical average of 
the KD values for each soil at 25^ and 50 C were evaluated from the relationship: 
KD = Ix/m.Ce/Z(Ce)^ (5.12) 
where Z stands for the summation of the values. The KD values evaluated are given in 
Table 5.2. The sequence of KD values also confirms the above order of adsorption. 
The adsorptive capacity of organic carbon, organic matter and clay content for 
soils was evaluated by calculating KQC, KQM and Revalues using the relations [40], 
Koc = (KD xlOO) / %0C (5.13) 
KOM = ( K D X 1 0 0 ) / % O M (5.14) 
Kc =(KDxlOO)/%clay (5.15) 
and results obtained are given in Table 5.2. These are the important parameters that 
play a significant role in assessment of environmental fate of organic chemicals. They 
provide an indication of the extent to which chemical partitioning occurs between the 
solid and solution phases in the soils. In the present study the Koc values are hi^er 
than the Kc values at both the temperature and this may lead to the conclusion that the 
organic matter is the main parameter for carbaryl adsorption. The variability of JCoc 
values among four soils at both the temperatures also showed that adsorption was not 
predictable exclusively from the organic matter content of the soils and other soil 
components may also contribute to adsorption [41]. This is due to the structure of the 
carbaryl molecule which contains both a hydrophobic part (1-naphthyl-N-methyl) and 
a polar part (-COO). The colloidal fractions, organic carbon and clay frequently 
influence the adsorption of pesticides with hydrophobic and polar groups in their 
molecular structure [42, 43]. Sheng et al. [44] also reported that due to its two-ring n-
electron system carbaryl may participate in the formation of an electron donor-
acceptor complex with the siloxane surfaces depending on the inductive and 
resonance properties of the N-methylcarbamate (-OCONHCH3) moiety. 
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Besides the experimental determination, several researchers [45-51, 29] have 
evaluated the predicted log KQM values at standard conditions by using the following 
equations: 
log Koc = 3.64-0.55 log S [45] (5.16) 
log Koc = 0.937 log Kow - 0.006 [46] (5.17) 
logKoM = logKow-0.317 [47,48] (5.18) 
log KoM = 0.544 log Kow +1 .377 [49] (5.19) 
logKoM = 0.53 Ax+ 0.54 [50] (5.20) 
logKoM = 0.53. lx +0.62 [51] (5.21) 
log KoM = 0.64 AI +0.16 [29] (5.22) 
where S is the water solubility in ng mL'\ Kow is the 1-octanol/water partition 
coefficient, AT is the adsorbability index and x is the first order molecular 
coimectivity index for the different organic compounds studied. The log Koc obtained 
fi-om equations (5.16) and (5.17) were evaluated in terms of log KOM and values 
obtained are summarized in Table 5.3. 
The predicted log KQM values for carbaryl were evaluated by substituting the 
appropriate values of the above coefficients for carbaryl in equations (5.16) to (5.22), 
the corresponding data being listed in Table 5.3. The predicted log KQM values 
obtained fi-om the aqueous solubility and 1 -octanol/water partition coefficient (Kow) 
of carbaryl were considered in error compared to those measured experimentally. 
However, when adsorbability index (AI) and first order molecular connectivity index 
('x) were taken into consideration, the predicted KQM values were very close to those 
observed experimentally. Hence, the latter two parameters are better for predicting the 
adsorption behaviour of carbaryl than aqueous solubility and 1 -octanol/water partition 
coefficient (Kow)- The value of adsorbability index (AI) and first order molecular 
connectivity index ('x) quantify the shape and size of carbaryl, hence, it can be said 
that structure of carbaryl has a dominant effect on the soil sorption process. 
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The plots of In (Cs/Ce) vs Cj of carbaryl for the four soils studied are shown in 
Figure 5.4 (a-d) and the thermodynamic parameters obtained at 25*^  and 50*^  C are 
summarized in Table 5.4. The higher values of thermodynamic equilibrium constant 
Ko at 25*^  than at 50*^  C for all the soil-carbaryl interaction, indicates the higher 
preference of carbaryl for soils at higher temperature. However, these values were 
higher for F. R. I. silt loam soil followed by Alampur silt loam, Kalai loam and 
Bhoran sandy loam soils at both the temperatures again confirming the above ordCT of 
carbaryl adsorption. The average of values in case of F. R. I. silt loam, Alampur silt 
loam, Kalai loam and Bhoran sandy loam soils yielded 3.26 and 4.65 KJ mole", 1.43 
and 3.73 KJ mole"', 1.22 and 3.29 KJ mole"^ 0.52 and 0.81 KJ mole'' at 25° and 50° 
C, respectively. The order of carbaryl adsorption on soils was in conformity with 
partial molar free energy changes. 
The higher adsorption of carbaryl on all the four soils at higher temperature 
(50° C) than at lower temperature (25°C) is attributed to the fact that increase in 
temperature might have increased the number of active sites on the soil organic matter 
[52-54]. However, Dao and Lavy [55] who studied the effect of temperature on 
atrazine adsorption attributed this increase in adsorption with increase in temperature 
to the lowering in the activation energies of the reacting materials which is favoured 
by high temperature. Temperature is believed to exert an indirect influence on the 
adsorption process through its effect on solubility. An inverse relationship exists 
between the degree of adsorption and solubility. The net response to temperature 
change included the effect of temperature on solvent-solute affinity. The reported 
solubility of carbaryl in water at different temperatures are 120 mg L"' at 20° C [56], 
104 mg L"' at 25° C [57] and 40 mg L"' at 40° C [58]. It thus appears that adsorption 
reaction in this case will proceed with an input of heat and it partly is because of the 
solubility-temperature interaction. Similar results have been reported by Yamane and 
Green [59] on their studies on adsorption of atrazine. 
The standard free energy change AG° of the adsorption reaction was negative 
in all the four soils indicating the spontaneity of the process. More negative values of 
AG°at 50° C than at 25° C (Table 5.4) indicate high affinity of carbaryl towards soil at 
high temperature. The standard enthalpy change AH° was positive ranging from 
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27.21-32.97 KJ mole'', and indicates the endothermic nature of the reaction. The 
positive values of standard entropy changes AS" recorded in the present investigation 
indicate the stability of soil-carbaryl complex in the system. The adsorption of the 
large carbaryl molecule displaces and desorbs many smaller molecules on the 
exchange complex. The net result is an overall entropy increase for the total system 
[60], rather than a decrease in the degree of randomness due to immobilization of 
carbaryl molecule [30]. 
The adsorption of carbaryl in four texturally different Indian soils at two 
different temperatures viz. 25° and 50° C was studied using batch equilibrium 
technique. From the adsorption data at both the temperatures, the values of the 
Freundlich constant, KF and distribution coefficient, KD were calculated. The results 
obtained show that adsorption of carbaryl was higher at 50° C than at 25° C. As 
indicated by the KQC and Kc values, it was concluded that in addition to organic 
matter of the soils and other soil components also contribute to adsorption of carbaryl 
on soils. The negative values of AG° and positive values of AH° for the adsorption of 
carbaryl on all four soils indicated that it is a spontaneous endothermic process. In 
summary, the study showed that the high organic matter content in soils and high 
temperature contributed to higher levels of carbaryl adsorption. Thus, whenever this 
combination of factors exists, the probability of residual toxicity occurs. 
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Cfiapter-Vl 
effect ofOPC, ^rij-35 and^S^DCBS Surfactants 
on tfie Adsorption and Movement ofCarBatyCin 
Indian Soils 
Chapter-VI 
EFFECT OF CPC, BRIJ-35 AND SDBS SURFACTANTS ON THE 
ADSORPTION AND MOVEMENT OF CARBARYL IN INDIAN 
SOILS 
6.1. INTRODUCTION 
Synthetic surfactants are widely used in household cleaning detergents, 
personal care products, textiles, paints, polymers, pharmaceuticals, mining, oil 
recovery, pulp and paper industries and pesticide formulations. They play a ver\ 
significant role for environmental interest because after use a major portion is 
disposed into waste water and eventually reach the natural waters. Several researchers 
[1-4] have reported that the surfactants and pesticide compounds can interact under 
certain conditions and therefore influence the pesticide adsorption and movement in 
soils. 
Carbaryl (1-napthyl-N-methylcarbamate) having the structure, 
0 H 
O — C — N — CH3 
is a systemic, non-ionic, contact insecticide which is widely used in Indian 
subcontinent against all major insects, pests of cereals, fruits, vegetables and other 
crops. Most of the existing data on carbaryl adsorption on soils and clays deals with 
aqueous solutions [5-10]. Recently, Singh et al. [11] have studied the effect of water 
miscible organic solvents (acetone & methanol) on the adsorption and movement of 
carbaryl in soils and verified the cosolvent theory proposed by Rao et al.[\l\. Much 
attention now has been paid to study the effect of surfactants on the adsorption of 
hydrophobic organic compounds (HOCs) in soils [13-15]. Several researchers [\6-\S] 
have reported that surfactants above their critrical micelle concentration (CMC) 
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enhance the solubility of HOCs or pesticides by partitioning it into the hydrophobic 
cores of surfactant micelles and it represents an important tool in chemical and 
biological remediation of the contaminated soil and sediments. The information 
pertaining to the effect of surfactants on the adsorption and movement of carbaryl in 
soils is scanty [19]. In view of encouraging results obtained during the course of our 
recent studies, Singh et al. [20] on the effect of cationic (CTAB), anionic (SDS) and 
non-ionic (Triton X-100) surfactants on the adsorption and movement of carbaryl in 
soils of varying textiire, it was considered desirable to extend the work to study the 
effect of other surfactants on the adsorption and movement of carbaryl. Hence, in the 
present study an attempt has been made to study the adsorption and movement of 
carbaryl in four different Indian soils in the absence and presence of aqueous 
solutions of various surfactants, cationic (cetyl pyridinium chloride, CPC), non-ionic 
(polyoxyethylene lauryl ether, Brij-35) and anionic (Sodium dodecyl benezene 
sulphate, SDBS) at different critical micelle concentrations (0.5 X CMC, 1 X CMC 
and 2 X CMC). This type of study will help us to understand how the adsorption and 
movement of cabaryl is altered by the presence of these surfactants when both coexist 
in soils as a result of human activity and further how the presence of surfactants can 
help in solving pollution posed by carbaryl. 
6.2. EXPERIIMENTAL 
6.2.1. Chemicals and Reagents 
Carbaryl Solution: 
Carbaryl (99.9%; aqueous solubility 104 mg L''; log Kow = 2.35) was 
obtained from M/S Bayer Crop Science India Ltd., Mumbai. A stock solution of 
carbaryl of 1000 fig mL' concentration was prepared by dissolving requisite amount 
of carbaryl in 100 mL methanol (AR grade, E. Merck, India Ltd.). Methanol was the 
preferred solvent as it showed no effect on the surfactant solubilization; higher 
alcohols could not be utilized since they affect CMC values significantly [21]. 
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0.03 % p-nitrobenzenediazonium tetrafluoroborate Solution: 
0.03 g of p-nitrobenzenediazonium tetrafluoroborate (MERCK-Schuchardt, 
Germany) was dissolved in 100 mL methanol. 
0.5 N Sodium hydroxide (NaOH) Solution: 
20 g of NaOH (AR grade, CDH Chemicals Ltd. India) was dissolved in 1000 
mL of distilled water. 
Cetyl pyridinium chloride (CPC) Solution: 
0.34 g of CPC (AR grade, CDH Chemicals Ltd. India) was dissolved in 100 
mL of distilled water. The selected properties of CPC are given in Table 3.1 of 
Chapter III. 
Polyoxyethylene lauryl ether (Brij-35) Solution: 
0.04 g of Brij-35 (AR grade, CDH Chemicals Ltd. India) was dissolved in 100 
mL distilled water. The selected properties of Brij-35 are given in Table 3.1 of 
Chapter III. 
Sodium dodecyl benzene sulphonate (SDBS) Solution: 
0.43 g of SDBS (AR grade, CDH Chemicals Ltd. hidia) was dissolved in 100 
mL distilled water. The selected properties of SDBS are given in Table 3.1 of Chapter 
III. 
6.2.2. Apparatus 
The apparatus used in this study is same as given in section 2.2.2 of Chapter-
II. 
6.2.3. Collection of Soil Samples 
The soils used in the present study were the same as given section 2.2.3 of the 
Chapter II and the physico-chemical properties of the soils are listed in Table 2.1 of 
Chapter-II. 
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6.2.4. Preparation of Standard Curve of Carbaryl 
Standard curve of carbaryl was prepared as dicussed in section 5.2.4 and given 
in Figure 5.1 of Chapter-V. 
6.2.5. Adsorption Studies 
Batch equilibrium adsorption isotherms of carbaryl on soils in the absence and 
presence of aqueous solutions of cationic, non-ionic and anionic surfactants at 
different concentrations (0.5 X CMC, 1 X CMC and 2 X CMC) were performed by 
taking eight concentrations of carbaryl (100, 200, 300, 400, 500, 600, 700, 800 ng 
mL"') in 100 mL glass stoppered conical flasks. The volume in each flask was made 
up to 20 mL by the addition of the requisite volume of methanol and surfactant 
solutions of different CMCs. To these solutions 1 g of each soil was added and the 
resulting suspensions were maintained in an incubator at 25±l'^C for 24 h with a 
shaking period of 3 hours. All experiments were conducted in duplicate. Preliminary 
studies showed that there was no measurable increase in the adsorption of carbaryl by 
the soil after 24 h either in the absence or presence of various surfactants at the three 
CMC values employed. The suspensions were then centrifuged at 15000 rpm for 10 
min using a Beckman model L3-50 Ultracentrifuge and the carbaryl in supernatant 
liquids estimated spectrophotometrically using T70 UVA^IS spectrometer at 590 nm 
[22]. This method has detection limit of 0.1|ig mL''. The instrument has a minimum 
detection limit of + 0.002 Abs. The amount of carbaryl adsorbed was calculated as the 
difference between the initial carbaryl concentration and the equilibrium 
concentration according to the expression: 
x/m = (Co-Ce)V/W (6.1) 
where x/m is the concentration of carbaryl in the soil (|ig g"'), Co is the initial 
concentration (jig mL'), Ce is the final (equilibrium) concentration of carbaryl (fig 
mL"'), V is the volume of solution and W is the weight of the soil sample employed. 
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6.2.6. Soil Thin Layer Chromatography (Soil TLC) 
The movement of carbaryl in soils was studied using soil TLC technique [23-24]. The 
detailed method of preparing the TLC plates is given in section 2.2.8 of Chapter-II. A 
10 [iL volume of carbaryl solution of 1000 ng mL"' concentration in methanol was 
applied as spot onto the TLC plates with the help of the lambda pipette held 3 cm 
above the bottom of the plates. A 2 cm wide strip of paper towel moistened with 
water was wrapped around the bottom of the plates to prevent disintegration of the 
soil layer when it came into contact with the eluents. The carbaryl spotted plates were 
eluted in distilled water and aqueous solutions of the different surfactants studied at 
all the three critical micelle concentrations (0.5 X CMC, CMC and 2 X CMC) 
positioning the plates at an angle of 45*^  in the glass tank. After the eluent had 
migrated to a distance 10 cm from the base line, the plates were taken out and dried at 
room temperature. The movement of carbaryl was detected by spraying the developed 
plates with a 5% methanolic KOH solution followed by spraying with 0.1% p-
nitrobenzenediazonium tetrafloroborate. The development of dark blue-black spots 
indicated the presence of carbaryl. The movement of carbaryl was expressed in terms 
of the Rf values [23]. 
6.3. RESULTS AND DISCUSSION 
The adsorption isotherms of carbaryl on soils in the absence and presence of 
the aqueous solutions of the surfactants at different CMCs studied are depicted in 
Figures 6.1-6.3. and the corresponding data is given in Tables 6.1.1-6.1.40. All these 
isotherms indicate the amount of carbaryl adsorbed per unit mass of solid adsorbent 
(x/m, ng g"') versus the equilibrium concentration (Ce, \ig mL"'). From the isotherms, 
it is clear that adsorption followed the order F.R.I, silt loam > Alampur silt loam > 
Kalai loam > Bhoran sandy loam in the aqueous solution as well as in aqueous 
surfactant solutions at all CMC values studied. The higher adsorption onto F.R.I, silt 
loam soil may be due to the greater amount of organic matter, clay and calcium 
carbonate content, the higher surface area and the lower pH value of F.R.I, silt loam 
soil followed by Alampur silt loam, Kalai loam and Bhoran sandy soil soils. 
According to the classification of Giles et al. [25], the isothenns for both types of 
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systems (i.e. in the absence and presence of surfactants at varying CMC values) for all 
the four soils are L-type (concave initial curvature). The L-shaped isotherms indicate 
the high affinity of the adsorbent for the adsorbate (carbaryl) at low concentrations, 
with this diminishing as the initial concentration of the carbaryl increased because of 
the increasing difficulty of finding vacant adsorption sites. The concave nature of the 
curves in Figures 6.1-6.3 indicates that after adsorption onto the adsorbent surface 
was complete, the adsorbate molecules attracted each other and associated on the 
adsorbent surfaces. 
In all cases, the adsorption data could be described by the empirical 
Freundlich adsorption equation i.e. 
log (x/m) = log KF + 1 /n log Ce (6.2) 
where Kp and 1/n are constants associated with the affinity of the adsorbent for the 
adsorbate and to the degree of curvature of the isotherms respectively. The 
dimensions of KF are |ig '^'"^  mL" g"' while 1/n is dimensionless. hi general, the values 
of the correlation coefficient, R ,^ were greater than 0.96. The values of KF and 1/n for 
the soil-carbaryl combinations were estimated by the linear regression of the 
logarithmically transformed data, with values so obtained being summarized in Tables 
6.2-6.4. The corresponding Freundlich adsorption isotherms are shown in Figure 6.4-
6.6. The magnitude of KF expresses the relative adsorption capacity for the adsorbate 
[26] for a system having comparable 1/n values and extent or degree of adsorption 
[27]. The value of 1/n provides an idea of the intensity of adsorption which varies 
with the nature of the adsorbate. The values of 1/n were less than 1 for both types of 
systems (i.e. in the absence and presence of the surfactants at varying CMC values), 
indicating the non-linearity between the solution equilibrium concentration and 
adsorption, which is in agreement with the L-shape of the isotherms. 
The distribution coefficient, KD, was also determined as the isotherms were 
non-linear. Thus, the statistical average of the distribution coefficient, KD, for each 
soil in the presence and absence of aqueous solutions of the surfactants at differrait 
CMC values was calculated from the adsorption data using the relationship: 
KD = S(x /m.Ce) / I (Ce) ' (6.3) 
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where X stands for the summation of the values. The values of Freundlich constant, 
KF, 1/n, R and distribution coefficient, KD thus evaluated are listed in Tables 6.2-6.4. 
The Freundlich constant and distribution coefficient in surfactant-fi-ee systems are 
denoted as Kp and KD whereas in surfactant-soil-water systems are denoted as KF*and 
KD* respectively. 
On examination of these data (Tables 6.2-6.4), higher values of KF, KF*and 
KD, KD* were observed for F. R. I. silt loam soil followed by Alampur silt loam, Kalai 
loam and Bhoran sandy loam soils. This confirms the order of carbaryl adsorption in 
both aqueous surfactant-fi-ee and surfactant containing systems (Figures 6.1-6.3). The 
sequence of KF*and KD*values for carbaryl adsorption followed the order, cationic > 
anionic > non-ionic, at all CMC values on all four soils studied also confirms that 
carbaryl adsorption was greater in presence of cationic surfactant followed by anionic 
and non-ionic surfactant at all CMC values studied. 
6.3.1 Effect of the Cationic surfactant (CPC) 
Figure 6.1(a-d) depicts the effect of the cationic surfactant (CPC) at different 
CMC values (0.5 X CMC, 1 X CMC and 2 X CMC) on the adsorption of carbaryl on 
the four soils studied. The higher values of KF* and KD* (Table 6.2) of carbaryl at 
0.5 X CMC compared to the corresponding Kp and KD (Table 6.2) values in 
surfactant-fi-ee system for all four soils, demonstrate that the adsorption of carbaryl 
increased at this CMC value. This increase of both constants must be due to increased 
adsorption of carbaryl because CPC is cationic in nature and adsorbed (cation-
exchanged) by the soil in the form of hemimicelles and admicelles [28]. However, at 
CMC and 2 X CMC, the observed KF* and KD* values were increased markedly than 
the surfactant free system (Table 6.2) for all the soils, indicating that the adsorption of 
carbaryl increased with respect to surfactant fi-ee system (Figure 6.1). This marked 
increase in carbaryl adsorption may be due to the fact that at CMC and 2 X CMC the 
amount of CPC adsorbed by the soil must be greater than at 0.5 X CMC together with 
the fact that the adsorption capacity of CPC in miceller form is greater than monomer 
form because at high concentrations surfactants increase soil dispersion, thus 
increasing the soil surface area and amount of available sites for adsorption [28-30]. 
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Similar results have been reported by Igelias-Jimenez et al. [4] who studied 
the effect of surfactants on the adsorption of diazinon, atrazine, ethoflimesate and 
acephate in a soil and Wagner et al. [31] who studied the effect of cationic surfactant 
on soils. 
6.3.2 Effect of the Non-Ionic Surfactant (Brij-35) 
Figure 6.2 (a-d) and the adsorption isotherm data in Table 6.3 represent the 
carbaryl adsorption on soils in absence and presence of aqueous Brij-35 solutions of 
different CMC values (0.5 X CMC, CMC and 2 X CMC). At 0.5 X CMC, there was a 
decrease in KF*and KD* values with respect to the surfactant free system. This 
decrease may be due to the fact that some of the active sites for soil adsorption would 
be probably occupied by surfactants making its surface more or less hydrophobic [4]. 
At CMC and 2 X CMC, a marked decrease in KF*and KD* values was observed 
relative to the surfactant free system indicating a decrease in carbaryl adsorption 
relative to the surfactant free system in all four soils studied. At CMC and 2 X CMC, 
proportion of Brij-35 adsorbed by soil adsorption sites out of the total amount of Brij-
35 was much smaller than when surfactant was at 0.5 X CMC. This may be due to the 
fact that at higher concenfration of Brij-35, surfactant molecules are believed to 
compete and partly replace the carbaryl molecules adsorbed on the soil sixrface. These 
molecules would be incorporated into the micelles in the solution phase resulting in a 
decrease in carbaryl adsorption [32-34]. As the surfactant forms micelles in the 
solution, these offer a better hydrophobic environment, which attracts contaminants 
released into the solution. Similar results have been reported by Ahmad et al. [8]. 
6.3.3 Effect of the Anionic Surfactant (SDBS) 
Figure 6.3 (a-d) depicts the effect of the anionic surfactant SDBS at different 
CMC values on the adsorption of carbaryl on the four soils studied. The higher values 
of the adsorption constant, KF*, and the distribution coefficient, KD*, at all the three 
CMC values studied i.e. 0.5 X CMC, IX CMC and 2 X CMC compared to the 
surfactant-free system for all four soils demonstrates that the adsorption of carbaryl 
increased in the presence of SDBS at all the three CMC values studied (Table 6.4). 
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This increase in the adsorption can be attributed to two mechanisms of SDBS 
adsorption on soil, (1) the adsorption of SDBS on the negatively charged soil particles 
as positively charged complex with Ca^ "^  (or any other divalent cation) as Ca^ "^  + 
RSO^" = RSOsCa* [35-37] (2) by precipitation of Ca(RS03)^ The precipitates of 
the anionic surfactants can be redissolved as the aqueous surfactant concentrations 
increases [40, 38-44]. Similar results were reported by Wang and Keller [45] and Lee 
et al. [46]. In the present study, the maximum adsorption takes place at 2 X CMC. 
The movement of carbaryl in the soils in absence and presence of aqueous 
surfactant solutions as expressed in terms of the Rf values (average of the three 
determinations) are summarized in Tables 6.2-6.4. The Rf values are inversely 
proportional to KD, KF (surfactant-free) and KD* and KF*" (surfactant-water systems) 
values. The lower Rf values for F.R.I, silt loam soil followed by Alampur silt loam, 
Kalai loam and Bhoran silt loam soils in both aqueous surfactant-free and surfactant 
containing systems confirm the above order of adsorption. 
6.3.4 Remediation efficiency 
The ratio of KD*/KD values were used to evaluate the remediation eflSciency 
of the surfactants. If KD*/KD ratio exceeds 1, then the remediation of a pesticide 
contaminated soil is considered to be inefficient while if KD*/KD is less than 1, the 
soil remediation is considered to be efficient [46]. 
The KD*/KD ratios at all the three CMC values of CPC exceed one and hence 
the remediation of the soils using the cationic surfactant, CPC is inefficient (Figure 
6.7(a), Table 6.2). In the present study, KD*/KD value is highest at 2 x CMC. It is 
reported by Lee et al. [46] that maximum KD*/KD ratio for contaminants m the 
cationic surfactant system occur at four to five times the CMC. The point of decUne 
for this KD*/KD goes beyond the maximum surfactant uptake on the soil surface. 
The KD*/KD ratios at all the three CMC values of Brij-35 are less than one 
(Figure 6.7(b), Table 6.3) and this obvious reduction in the KD*/KD values is due to 
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the solubility enhancement of carbaryl in the presence of surfactant. The obtained 
results of KD*/KD < 1 demonstrate that Brij-35 is efficient in remediating the soils 
contaminated with carbaryl. 
The KD*/KD ratios at all the three CMC values of SDBS exceed one (Figure 
6.7(c), Table 6.4) and hence the remediation of the soils using the anionic surfactant, 
SDBS is inefficient. The KD*/KD ratio is maximum at 2 X CMC value of the 
surfactant. Similar results have been reported by Lee et al. [46] in their studies on the 
effect of SDBS on organic compounds and pesticides. The KD*/KD ratio in anionic 
siirfactant-soil-water systems shows a general tendency towards maximum when 
surfactant concentration is about one to two times the CMC. Hence the remediation of 
soils contaminated with carbaryl with SDBS is not favorable. 
The adsorptive capacity of organic carbon and clay content for soils in 
presence and absence of the surfactants studied was evaluated by calculating Koc and 
Kc values using the relations [47-48], 
Koc = (KD X 100) / % OC (6.4) 
BCc = (KD X 100) / % Clay (6.5) 
and results obtained are given in Tables 6.2-6.4. These are the important parameters 
that play a significant role in assessment of environmental fate of organic chemicals. 
They provide an indication of the extent to which chemical partitioning occurs 
between the solid and solution phases in the soils. The affinity of carbaryl towards 
organic matter and clay content of the soils may be compared through the use of the 
Koc and Kc values (Tables 6.2-6.4). In the present study, Koc values are higher than 
the Kc values both in surfactant-fi-ee and surfactant-soil-water systems indicating that 
the adsorption of carbaryl is mainly due to the organic matter content of the soils [10]. 
With a view of determining, by means of a statistical approach, the effect 
of soil properties on the adsorption of carbaryl, Pearson's correlations between the Kp 
(Kp*) and KD (KD*) adsorption constants and the characteristics of the soils were 
calculated. The results obtained are summarized in Tables 6.5-6.6. The results point to 
the existence of a positive correlation between the Kp, KD constants and the organic 
carbon, clay content, clay + silt content and CEC of soils and a negative correlation 
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between Kp and KD constants and pH. There exists a highly significant correlation 
between Kp and KD constants and organic matter of the soils in absence of surfactants. 
Generally, in presence of the surfactants studied, a highly significant correlation exists 
between Kp^and KD* and organic matter content of the soils. Thus, it is confirmed 
that the organic matter content of the soils is determining factor for the adsorption of 
carbaryl on the studied soils. The highly significant correlation with organic carbon 
content also indicates that adsorption of carbaryl occurs primarily through 
hydrophobic processes and partitioning to soil organic matter. High correlations were 
also obtained with CEC of the soils. This suggests that in addition to soil organic 
matter other soil components also contribute significantly to adsorption. The 
variability of Koc values among four soils in surfactant free as well as surfactant-soil-
water systems at different CMCs also showed that the adsorption was not predictable 
exclusively from the organic matter content of soils [49]. 
The simple correlation coefficients between Rf values and Kp and KD 
constants and soil parameters are shown in Table 6.7. Negative correlations are 
observed between Rf and Kp, KD, organic matter, clay content, clay + silt content and 
CEC of the soils and a positive correlation between the Rf and pH of the soil in 
presence and absence of the surfactants. In absence of surfactants, high negative 
correlation is observed between Rf and organic matter and a significant negative 
correlation is observed between Rf and Kp of the soil (r^  = 0.981; p < 0.05). Generally 
in presence of surfactants, there exists a highly significant negative correlation 
between Rf and KD*and KF*constants of the soils. 
The results of this study indicate that the adsorption and movement of carbaryl 
in soil-water systems in presence of cationic, non-ionic and anionic surfactants 
depends on the charge properties of the surfactants, the degree of hydrophobicity or 
polarity of the carbaryl and the soil properties. The adsorption of carbaryl was higher 
in presence of cationic surfactants followed by anionic and non-ionic surfactants. The 
adsorption of carbaryl both in absence and presence of surfactants was mainly due to 
the organic matter of the soils as indicated by the high KQC values and the highly 
significant correlation coefficients between the soil organic matter and KD, KD* and 
Kp, Kp* values. The KD*/KD ratios were used to evaluate the remediation efficiency 
of soils and it was found that the non-ionic surfactant, Brij-35, was preferable for 
>89 
remediation of carbaryl contaminated soils, as the KD*/KD ratios were less than 1. The 
present data are of great interest as regards the potential use of surfactants in 
physicochemical methods aimed at preventing the pollution of waters and remediating 
soils and sediments polluted by carbaryl. However, it should be noted that use of 
surfactants for these purposes requires correct choice of surfactants and their most 
appropriate doses that will allow maximum efficiency with minimum cost. 
>90 
REFERENCES 
[I] Amonette, J. and O'Connor, G.A. (1980) Soil Sci. Soc. Am. J. 44, 540. 
[2] Hermosin, M.C. and Comejo, J. (1992) Chemosphere 24, 1493. 
[3] Rodriguez-Gonzalo, E., Sanchez-Martin, M.J. and Sanchez-Camazano, M. 
(1993) Toxicol. Environ. Chem. 37,157. 
[4] Iglesias-Jimenez, E., Sanchez-Martin, M.J. and Sanchez-Camazano, M. (1996) 
Chemosphere 32, 1771. 
[5] Zeng, Q.R., Lio, B.H., Yang. B., Tang, H.X. and Xue, N.D. (2006) Bio Fertil 
Soils 42,457. 
[6] Aly, M.I., Bakry, N., Kishik, F. and El-Sebae, A. H. (1980) Soil Sci. Soc. Am. 
J. 44, 1213. 
[7] Jana, T.K. and Das, B. (1997) Bull. Environ. Contam. Toxicol. 59, 65. 
[8] Ahmad, R., Kookana, R.S., Alston, A.M. and Bromilow, R.H. (2001) Aust. J. 
Soil Res. 39, S93. 
[9] Sheng, G., Johnston, C.T., Teppen, B.J. and Boyd, S.A. (2001) J. Agric. Food 
Chem. 49, 2899. 
[10] Raturi, S., Islam, K.R., Caroll, M.J. and Hill, R.L. (2005) J. Environ. Sci. 
Health B 40, 697. 
[II] Singh, R.P., Nabi, S.A. and Singh, S. (2010) Toxicol. Environ. Chem. 92, 721. 
[12] Rao, P.S.C, Homsby, A.G., Kilcrease, D.P. and Nikedi-Kizza, P. (1985) J. 
Environ. Qual. 14, 376. 
[13] Edwards, D.A., Liu, Z. and Luthy, R.G. (1994) Environ. Eng. 120, 23. 
[14] Sahoo, D. and Smith, J.A. (1997) Environ. Sci. Tecnol. 31,1910. 
[15] Singh, R.P., Rawat, J.P. and Rajkumar (2000) Adsorp. Sci. Technol. 18, 333. 
[16] Guha, S., Jaffe, P.R. and Peter, C.A. (1998) Environ. Sci. Technol. 32, 930. 
[17] Edwards, D.A., Luthy, R.G. and Liu, Z. (1991) Environ. Sci. Technol. 25, 127. 
[18] Grimberg, S.J., Nagel, J. and Aitken, M.D. (1995) Environ. Sci. Technol. 29, 
1480. 
[19] Ahmad, R., Kookana, R.S. and Alston, A.M. (2005) J. Environ. Sci. Health B 
39, 565. 
[20] Singh, R.P., Nabi S.A. and Singh, S. (2009) Adsorp. Sci. Technol. 11, 921. 
291 
[21] Rosen, M.J. (1989) Surfactants and Interfacial Phenomenon 2"'' Ed. John 
Wiley and Sons, New York. 
[22] Stansbury, H.A. (Jr) and Miskus, R. (1964) Sevin in: Zweig G (Ed) Analytical 
methods for pesticides, plant growth regulators and food additives, Vol.2, 
Academic Press, New York, p 437. 
[23] Helling, C.S. and Turner, B.C. (1968) Science 162, 562. 
[24] Singh, R.P. and Kumar, R. (2000) Soil Sed. Contam. 9, 407. 
[25] Giles, C.H., Mac Evan, T.H., Nakhwa, S.N. and Smith, D. (1960) J. Chem. 
Soc. 3, 3973. 
[26] Haque, R. (1978) Environmental Dynamics of pesticides. Plenum Press, New 
York, p 97. 
[27] Adamson, A.W. (1967) Physical Chemistry of Surfaces. Interscience, New 
York, p 398. 
[28] West, C.C. and Harwell, J.H. (1992) Environ. Sci. Technol. 26, 2324. 
[29] Mbagwu, J.S.C, Piccolo, A. and Mbila, M.O. (1993) Soil Technol 6, 203. 
[30] Abu-Zreig, M. Rudra, R.P. and Dickinson, W.T. (1994) Modifications in soil 
hydraulic properties by application of detergents, ASAE International Winter 
Meeting Paper No. 942527, Atlanta, GA, USA. 
[31] Wagner, J., Chen, H., Brownawell, B.J. and Westall, J.C. (1994) Environ. Sci. 
Technol. 2S, 231. 
[32] Huggenberger, P., Letey, J. and Fanner, W.J. (1973) Soil Sci. Soc. Am. Proc. 
37,215. 
[33] Aronstein, B.N., Calvilla, Y.M. and Alexander, M. (1991) Environ. Sci. 
Technol. 25, 1728. 
[34] Sun, S., Inskeep, W.P. and Boyd, S.A. (1995) Environ. Sci. Technol. 29, 903. 
[35] Westall, J.C, Chen, H., Zheng, W.J. and Brownawell, B.J. (1999) Environ. 
Sci. Technol. 33, 3110. 
[36] Higgins, C.P. and Luthy, R. (2006) Environ. Sci. Technol. 40, 7251. 
[37] Higgins, C.P. and Luthy, R. (2007) Environ. Sci. Technol 41, 3254. 
[38] Savitsky, A.C., Wiers, B.H. and Wendt, R.H. (1981) Environ. Sci. Technol. 
15, 1991. 
[39] Matheson, K.L., Cox, M.F. and Smith, D.L. (1985) J. Am. Oil Chem. Soc. 62, 
1391. 
[40] Stellner, K.L. and Scamehom, J.F. (1989) Langmuir 5, 70. 
[41] Stellner, K.L. and Scamehom, J.F. (1989) Langmuir 5, 77. 
[42] Jafvert, C.T. and Heath, J.K. (1991) Environ. Sci. Technol. 25, 1031. 
[43] JafVert, C.T. {\99\) Environ. Sci. Technol. 25, 1039. 
[44] Verge, C, Moreno, A., Bravo, J. and Bema, J.L. (2001) Chemosphere 44, 
1749. 
[45] Wang. P. and Keller, A.A. (2009) Water Res.43, 706. 
[46] Lee, J.F., Hsu, M.H., Chao, H.P., Huang, H.C. and Wang, S.P. (2004) J. 
Hazard. Mater. B114, 123. 
[47] Grestl, Z. (1984) Pestic. Sci. 15, 9. 
[48] Singh, R.P. (1996) Adsorp. Sci. Technol. 13, 305. 
[49] Cells, R., De Jonge, H., De Jonge, L.W., Real, M., Hermosin, M.C. and 
Comejo, J. (2006) Eur. J. Soil Sci. 57, 308. 
29" 
yi'ppendvK^ 
<S^^nts of ^uSRsfied (Papers 
Adsorption and Movement of Carbofuran in 
Four Different Soils Varying in Physical and 
Chemical Properties 
R.P. Singh and Garima Srivastava 
Reprinted from 
Adsorption Sdenoe & Technology 
2009 Volume 27 Number 2 
Multi-Science Publistiing Co. Ltd. 
5 Wates Way, Brentwood, Essex CM 15 9TB, United Kingdom 
193 
Adsorption and Movement of Carbofuran in Four Different Soils Varying in 
Physical and Chemical Properties 
R.P. Singh'* and Garima Srivastava^ (l) Laboratories of Soil Science, Department of Botany, Faculty of Life 
Sciences, Aligarh Muslim University, Aligarh-202 002, India. (2) Department of Chemistry, Faculty of Sciences, Aligarh 
Muslim University, Aligarh-202 002, India. 
(Received 9 January 2009; revised form accepted 10 June 2009) 
ABSTRACT: Laboratory studies were conducted to determine the adsorption 
and movement of carbofuran on four divergent textured Indian soils at a fixed 
volume fraction (f^  = 0.1) of methanol/water mixtures using batch equilibrium 
and soil thin layer chromatography (soil TLC) techniques. The measured 
equilibrium adsorption isotherms for silt loam (FSL and ASL) and loam (KL) 
soils were L-shaped and for sandy loam (BSL) soil S-shaped, all being well 
fitted by the Freundlich isotherm. A higher adsorption of carbofuran was 
observed on FSL followed by ASL, KL and BSL soils as anticipated by the 
values obtained for the Freundlich constant, Kp and partition coefficient, K^. 
The Frontal Retardation factor (FR )^ values obtained from soil TLC studies were 
inversely proportional to the Kp and Kp values. 
The affinity of carbofuran towards organic carbon, organic matter and clay 
content of the soils was evaluated by calculating the KQ^,, KQ,^ and K ,^ values. 
The negative magnitude of the Gibbs' free energy (AG°) indicated the spontaneity 
of the adsorption of carbofuran onto the soils studied. The leaching index (LI) of 
carbofuran calculated for the soils studied indicated its high potential to leach 
into shallow aquifers and ground water. Pearson's correlations calculated for Kp 
and Kp against the soil properties showed a highly significant correlation with 
the clay + silt content of the soils. Multiple regression of Kp and Kp against the 
soil properties indicated that the mineral content of the soils (clay and clay + silt) 
is the best predictor of carbofuran adsorption, followed by soil pH. Predicted 
log Kp^ values were also evaluated by using the aqueous solubility, the 1-octanol/ 
water partition coefficient (K^^), the adsorbability index (AI) and the first-order 
molecular connectivity index (•%) of carbofuran. Use of the aqueous solubility, 
and the 1-octanol/water partition coefficient (K^^) to predict the extent of 
adsorption gave values which displayed a considerable error in comparison to 
those measured experimentally, whereas the use of the adsorbability index (AI) 
and the first-order molecular connectivity index ('%) of carbofuran improved the 
predictions considerably. 
INTRODUCTION 
Carbofuran (2,3-dihydro-2,2-dimethylbenzofuran-7-yl methylcarbamate) having the structure: 
'Author to whom all correspondence should be addressed. E-mail: rpsinghamu@gmail.com. 
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is a systemic, non-ionic, broad-spectrum insecticide/nematicide which is widely used in the hidian 
subcontinent for the control of nematodes in soils. Like that of any other soil-applied pesticide, its 
effectiveness depends upon the soil properties, the environmental conditions and its ability to 
reach the target organisms in an adequate concentration for a certain period of time. The 
environmental fate of pesticides has attracted recent attention because of their pollution potential 
to the environment. Carbofiiran losses in runoff occur largely in water and comprise up to 1.9% 
of the application (Caro et al. 1975). The U.S. Environmental Protection Agency has set the 
maximum contamination level of carbofuran in drinking water as 40 ng/m€. 
Adsorption has a pronounced effect on the behaviour and effectiveness of a pesticide, such as 
its bioactivity, mobility, persistence, toxicity and efficacy in the soil environment (Lundie 1971; 
Weed and Weber 1974). The literature associated with this aspect has been reviewed by Bailey 
and White (1970), Cheng (1989) and Wauchope et al. (2002). A considerable amount of work has 
been undertaken on the adsorption of carbofuran on soils, clays, fly ash and synthetic inorganic 
ion-exchangers (Singh et al. 1994; Kumari et al. 1988; Varshney et al. 1986; Garg and Agnihotri 
1984; Felsot and Wilson 1980). Recently, Singh (1996) has reported the effect of water-miscible 
organic co-solvents on the adsorption and movement of carbofuran in soils. 
However, information relating to the impact of carbofuran adsorption on its leaching index (LI) 
in Indian soils is not available in the literature. Hence, an attempt has been made in the present 
investigation to study the adsorption and movement of carbofuran in four divergent textured 
Indian soils and to relate the Freundlich constants, distribution coefficients and frontal Revalues 
to various soil parameters. The purpose of this study was to understand the basic chemistry of 
carbofuran interaction in soils and to evaluate the free energy change (AG°) and leaching index 
(LI) values from the organic carbon-based partition coefficient (KQ^.) values. 
EXPERIMENTAL 
Materials 
The soils used in the present study were collected from the surface horizon (0-30 cm) by taking 
samples from various representative sites of cultivated fields from the villages of Alampur Rani 
(silt loam, ASL), Kalai (loam, KL), Bhoran (sandy loam, BSL) in Aligarh District, and from the 
Forest Research Institute farm (silt loam, FSL) in the district Dehradoon of Uttarakhand State, 
India. The collected soil samples were air-dried, ground to pass through a 2-mm sieve and stored 
in plastic bags at room temperature. The physicochemical characteristics of the soils were 
determined using standard methods. The mechanical composition of soils was estimated by the 
International Pipette method (Piper 1950). The pH values of the 1:2.5 soil/water samples were 
determined by the method proposed by Jackson (1958). The percentage of organic carbon and 
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TABLE 1. Physicochemical Parameters of Soils Studied 
Soil properties 
Sand (%) 
Silt (%) 
Clay (%) 
Organic matter (%) 
Organic carbon (%) 
Texture 
pH 
CEC [C mol (P*)]/kg 
FRI soil 
(FSL) 
18.00 
61.00 
21.00 
4.74 
2.75 
Silt loam 
7.24 
237.00 
Alumpur soil 
(ASL) 
28.73 
55.27 
16.00 
1.09 
0.63 
Silt loam 
8.04 
65.00 
Kalai soil 
(KL) 
34.00 
40.00 
26.00 
0.97 
0.56 
Loam 
8.46 
100.00 
Bhoran soil 
(BSL) 
77.90 
11.10 
11.00 
0.34 
0.195 
Sandy loam 
8.38 
36.00 
organic matter contained in the soil samples, together with their cation-exchange capacities, were 
determined by the methods of Walkley and Black (1947) and Ganguli (1951), respectively. The 
results obtained are summarized in Table 1. 
Carbofuran (aqueous solubility = 320 mg/€; log K^^ = 2.315) was obtained from Rallis India 
Ltd., Mumbai, India. All other chemicals and reagents used were of A.R. grade obtained from 
Merck and CDH Chemicals Ltd. A stock solution of carbofiiran (5(X) |ig/m€) was prepared by 
dissolving the requisite amount of carbofuran in methanol. 
Adsorption studies 
The adsorption of carbofuran onto the four soils of divergent texture was carried out using the 
batch shake technique. Soil samples (1 g) were equilibrated with 20 m€ of carbofuran solutions 
with concentrations of 5, 10, 15, 20, 25, 30, 40 and 50 Hg/m€, respectively, at a fixed volume 
fraction (f^  = 0.1) of methanol/water mixtures. The soil suspensions were maintained in an 
incubator at 25 ± 1 °C for 24 h and shaken mechanically for 3 h. All experiments were conducted 
in duplicate. Preliminary experiments indicated that a contact time of 24 h was of sufficient length 
to allow equilibrium to be attained. Subsequently, the suspensions were centrifuged at 1500 rpm 
for 10 min using a Beckman model L3-50 ultracentrifuge. The amount of carbofuran in the 
supematants was estimated spectrophotometrically using the method proposed by Mithyantha 
and Perur (1974) in which 5 m€ of supernatant was mixed with 5 m€ of 0.2% sulphanilic acid and 
5 mi of 0.3% sodium nitrite solutions and allowed to stand for 30 min. Then 10 m€ of 4 M sodium 
hydroxide was added and the volume made up to 50 m€ with distilled water. After 1 h, an 
orange-yellow colour developed and was measured at 490 nm using a Bausch and Lomb 
Spectronic 20 instrument. This method has a detection limit of 1 |ig/m€. The amount of carbofuran 
adsorbed was calculated as the difference between the initial and equilibrium concentrations in 
solution according to the following expression: 
x/m = (c„ - cjv 
w 
(1) 
where x/m is the surface concentration of carbofuran in the soil (|Lig/g), C^ is the initial 
concentration of carbofuran in solution (^ig/mf), C^  is the equilibrium concentration of carbofuran 
in solution (|ig/mf), V is the volume of the solution and W is the weight of soil employed. 
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Adsorbability index (AI) and first-order molecular connectivity index (^ x) of carbofuran 
The adsorbability index (AI) of carbofuran was evaluated from equation (2) by inserting the 
values of A and I derived from the work of Abe et al. (1986): 
AI = l A + II (2) 
where A and I are factors for the respective increase and decrease in the adsorbability of the atom 
or functional group in the molecule from aqueous solution onto the various soils studied, the AI 
value for carbofuran being equal to 4.74. 
The first-order molecular connectivity index 0%) for carbofuran was evaluated by substituting 
the above AI value into the following equation proposed by Okouchi and Saegusa (1989): 
^X = 1.16A1 - 0.68 (3) 
from which a corresponding value of 4.8184 was obtained. 
Soil thin-layer chromatography (soil TLC) 
The movement of carbofuran in soils was studied using the soil TLC technique (Helling and 
Turner 1968). Soil TLC plates of 0.5 mm thickness were prepared by a spreading soil/water slurry 
having a soil/water ratio of 1:2 onto 20 x 20 cm^ clean glass plates with the help of a TLC 
spreader. The plates were dried at room temperature and then activated by heating at 100-105 "C 
for-i-h, deactivated and stored in a desiccating chamber. Two lines were scribed onto each plate at 
distances of 3 cm and 13 cm above the base to maintain a standard development distance of 10 
cm on the plates. A10 |x€ volume of carbofuran solution of 1000 |i,g/m^ concentration in methanol 
was applied as a spot onto the TLC plates with the help of the lambda pipette held 3 cm above the 
bottom of the plates. A 2-cm wide strip of paper towel moistened with water was wrapped around 
the bottom of the plates to prevent disintegration of the soil layer when it came into contact with 
the eluents. The carbofuran-spotted plates were eluted in distilled water, positioning the plates at 
an angle of 45° in the glass tank. After the eluent had migrated to a distance 10 cm from the base 
line, the plates were taken out and dried at room temperature. The movement of carbofuran was 
detected by spraying the developed plates with a 5% methanolic KOH solution followed by a 
0.1% /j-nitrobenzene diazonium tetrafluoroborate solution. The development of violet coloured 
spots indicated the movement of carbofuran. The movement of carbofuran was expressed in terms 
of the frontal Revalues and measured using the relationship (Helling and Turner 1968): 
distance moved by upper part of spot 
FRj. = 
distance travelled by developer 
RESULTS AND DISCUSSION 
The adsorption of carbofuran on FSL, ASL, KL and BSL is represented by the adsorption 
isotherms depicted in Figure 1. The isotherms indicate the amount of carbofuran adsorbed per unit 
mass of solid adsorbent (x/m, |ig/g) versus the equilibrium concentration (C , |Xg/m^). It is clear 
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Figure 1. Adsorption isotherms of carbofuran on four different Indian soils: • , silt loam (FSL); 
loam (KL); X, sandy loam (BSL) 
I, silt loam (ASL); A, 
from the isothenns that adsorption followed the order FSL > ASL > KL > BSL. The greater 
adsorption onto FSL soil may be due to the greater amount of organic matter, clay content or lower 
pH in FSL, followed by ASL, KL and BSL soils (Table 1). According to the classification of Giles 
et al. (1960), the adsorption isotherms depicted in Figure 1 were L-shaped for FSL, ASL and KL 
soils while that for BSL soil was S-shaped. The L-shaped isotherms indicate the high affinity of 
the adsorbent for the adsorbate (carbofuran) at low concentrations, with this diminishing as the 
initial concentration of carbofuran increased because of the increasing difficulty of finding vacant 
adsorption sites. The S-shaped isotherm suggests that adsorption onto the soil concerned was a 
complex phenomenon and reveals the interaction of adsorbate (carbofuran) with different types of 
adsorption sites having different surface energies (Felsot and Dahm 1979). The convex nature of 
the curves in Figure 1 indicates that after adsorption onto the adsorbent surface was complete, the 
adsorbate molecules attracted each other and associated on the adsorbent surfaces. The S-shaped 
isotherm also suggests that adsorption is enhanced at higher concentrations. 
The adsorption data for all the soils were found to obey the Freundlich equation over the entire 
range of concentrations studied: 
x/m = ^,Cf (4) 
where Kp [|ig(' ""V(m€ g)] and 1/n (dimensionless) are empirical constants that depend on the 
nature of the adsorbent and adsorbate. In all cases, values of the correlation coefficient R^ were 
greater than 0.95. The values of Kp and 1/n for the soil/carbofuran combinations were estimated 
by linear regression of the logarithmically-transformed data, with the values so obtained being 
summarized in Table 2. The magnitude of Kp expresses the relative adsorption capacity for the 
adsorbate (Haque 1978) for a system having comparable 1/n values and extent or degree of 
adsorption (Adamson 1967). The value of 1/n provides an idea of the intensity of adsorption 
which varies with the nature of the adsorbate. The sequence of Kp for carbofuran adsorption onto 
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TABLE 2. Parameters for Carbofuran Adsorption and Movement in Soils 
Parameters Soils 
Silt loam (FSL) Silt loam (ASL) Loam (KL) Sandy loam (BSL) 
Kp 
1/n 
r^  
Kp 
KQC 
*^OM 
Kp 
FRf 
AGO 
LI 
151.36 
0.58 
0.96 
60.12 
2186.99 
1286.82 
286.39 
0.60 
^ . 5 6 
0.88 X 10^  
114.82 
0.68 
0.97 
53.49 
8489.95 
4907.04 
334.29 
0.86 
-5.36 
0.23 X 1 
96.60 
0.72 
0.99 
48.05 
8579.51 
4953.12 
184.79 
0.88 
-5.37 
9.12 
1.37 
0.99 
25.56 
13107.69 
7518.21 
232.38 
0.94 
-5.72 
0.22 xlO^ 0.12x10* 
the soils confirms the above adsorption order. The fact that the 1/n values for FSL, ASL and KL 
soils were less than 1 indicates the non-linearity between the solution equilibrium concentration 
and adsorption, which is in agreement with the L-shapes of the isotherms. On the other hand, the 
value of 1/n > 1 for BSL soil agrees with the S-shape of this isotherm. The lack of linearity may 
be attributed to specific interactions existing between compounds with polar groups and the 
organic matter or the mineral fraction of the soils. 
When the values of 1/n depart from unity, the values of the distribution coefficient, K^, are 
often determined in order to estimate the extent of adsorption under equilibrium conditions 
(Calvet et al. 1980). For this reason, the statistical average of the distribution coefficient, K^, for 
each soil was calculated from the adsorption data using the relationship: 
Kj, = ECx/m . C^mCf (5) 
where Z stands for the summation of the values. The K^ values thus evaluated are also listed in 
Table 2. The sequence of K^ values again confirms the above adsorption order. 
The movement of carbofuran in the soils as expressed in terms of the frontal Revalues (average 
of three determinations) are summarized in Table 2. The frontal R^  values are inversely 
proportional to the adsorption constant, Kp, and the partition coefficient, K^, values. The lower 
frontal Rj. values for FSL soil followed by ASL, KL and BSL soils confirms the above order of 
adsorption. When the relative mobility of carbofuran was compared to the pesticide mobihty 
classification (Helling and Turner 1968) of TLC plates, carbofuran is very mobile in BSL soil, 
mobile in ASL and KL soils and possesses intermediate mobility in FSL soil. 
The adsorptive capacity of organic carbon, organic matter and clay content for soils was 
evaluated by calculating the values of IL^, K^^ and K .^ using the relationships (Grestl 1984; 
Singh 1996): 
KQC = (Kp x 100)/% OC (6) 
KQM = (KD X 100)/% OM (7) 
Kp = (Kp X 100)/% C (8) 
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The results obtained are again listed in Table 2. These are the important parameters that play a 
significant role in assessing the environmental fate of organic chemicals. They provide an 
indication of the extent to which chemical partitioning occurs between the solid and solution 
phases in soils. In the present study, BSL soil exhibited higher K ,^^  values than FSL, ASL and 
KL soils. This is common for soils with low organic matter contents. Hamaker and Thompson 
(1972) suggested that this tendency was due to the significant contribution made by mineral 
phases towards adsorption. In the present work, carbofuran adsorption could be correlated better 
with the clay + silt content of the soils rather than with their organic matter content. Similar 
results have been reported by a number of other workers (Wahid and Sethunathan 1978; 
Singh 1996). 
The fi-ee energy change (AG°) for the adsorption of carbofuran was calculated by substituting 
the KQ^ values obtained from equation (6) into the equation proposed by Kim and Feagley (1998): 
AG" = -RTlnK(^ (9) 
where AG° is the Gibbs' free energy change (kJ/mol), R is the universal gas constant [8.314 J/(K 
mol)] and T is the absolute temperature (273 + 25 = 298 K) .The smaller and negative values for 
A C (Table 2) suggest that carbofuran adsorption by the soils studied was controlled either by 
exothermic or exogamic processes. The negative values of AG° suggest that the adsorption of 
carbofuran onto the soils was spontaneous in nahire (Kumari and Singh 1992). Smaller AG° values 
also suggest that carbofuran adsorption by soils is often promoted by weak physical forces (Weber 
1993). The attractive forces in physical adsorption involve surface energies that are often less 
than a few kJ/mol, suggesting a diffusion-controlled mechanism for the adsorption of pesticides 
(Khan 1973). 
The carbofuran leaching index (LI) was calculated using the equation proposed by Laskowski 
et al. (1982): 
LI = (S X t,^)/(Vp X Koc) (10) 
where S is the aqueous solubility of carbofuran at 25 °C (mg/€), tj^ is the half-life of carbofuran 
in soil (50 d) and Vp is the vapour pressure of carbofuran at 25 °C (8.3 x 10"* mmHg) .The results 
obtained are summarized in Table 2. It will be seen from the leaching index data recorded that 
higher LI values were obtained for FSL soil followed by ASL, KL and BSL soils. This LI order is 
directly proportional to the values of Kp and K^. The larger LI value for FSL soil may be attributed 
to its greater adsorption capacity. In other words, greater environmental concerns relate to the 
leaching of carbofuran from BSL, KL and ASL soils relative to FSL soil. 
With a view to determining the effect of soil properties on the adsorption of carbofuran by 
means of a statistical approach, we have calculated the Pearson correlations between the Kp and 
Kp adsorption constants and the characteristics of the soils. The results obtained are summarized 
in Table 3. They indicate a positive correlation between the Kp, Kp constants and the organic 
carbon, clay content, clay + silt content and CEC of the soils, but a negative correlation between 
the Kp, Kp constants and the pH value. In fact, a highly significant correlation (r^  > 0.991; p < 0.01) 
exists between the Kp, Kp constants and the clay + silt content of the soils, which is a determining 
factor in the adsorption of carbofuran onto the studied soils. In addition, greater adsorption 
occurred on soils with high organic matter contents. 
The simple correlation coefficients between the FR^ values, the Kp, Kp constants and the soil 
parameters are listed in Table 4. It will be seen that negative correlations occurred between FRj. 
and Kp, Kp, organic carbon, clay content, clay + silt content and the CEC of the soils, while a 
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TABLE 3. Simple Correlation Coefficients (r-) between the 
Freundlich Constants (Kp), the Distribution Coefficients (K^) and the 
Soil Characteristics 
Constant Soil characteristics 
OC" 
0.762 
0.717 
Clay 
0.640 
0.638 
Clay + silt 
0.99 P 
0.996^ 
CEC 
0.782 
0.737 
pH 
-0.730 
-0.692 
The correlation was significant at the 0.01 level. ''OC = Organic Carbon, CEC = 
Cation Exchange Capacity. 
TABLE 4. Simple Correlation 
Coefficients (r^ ) between the 
Frontal Rj and Soil 
Characteristics 
Parameters 
Kp 
Ko 
OM 
Clay 
Clay + silt 
CEC 
pH 
r^  
-0.759 
-0.800 
-0.998* 
-0.377 
-0.721 
-0.976" 
0.961" 
The correlation was significant at 
the 0.01 level. 
The correlation was significant at 
the 0.05 level. 
positive correlation existed between FR^ . and the pH of the soil. A highly significant negative 
correlation may be observed between FR^ . and organic carbon (r^  = -0.995; p < 0.01), a significant 
negative correlation between FR^ and CEC (r^  = -0.97; p < 0.05), while a significant positive 
correlation occurs between FRj, and the pH of the soil (r^  = 0.964; p < 0.05). 
The results obtained were also subjected to multiple linear regression analysis by combining 
two or more variables with a view to establishing the relative importance of soil parameters when 
they very simultaneously: 
Kj, = 28.690 - 0.172 (clay) + 0.574 (clay + silt) - 1.662 pH (r^  = 1) 
Kp = 119.021 + 1.819E-02(clay) + 2.020 (clay + silt) - 18.466 pH (r^  :. 1) 
From the above equations, it is clear that the mineral content (clay and clay + silt) of the soils was 
responsible for carbofuran adsorption on the soils studied, with pH also being an important factor 
governing the adsorption of carbofuran in the present study. 
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In addition to experimental determinations, several researchers (as listed below) have evaluated 
the predicted log K^^ values using the following equations: 
logKo^ = 3.64 - 0.55 logs (Kenaga and Goring 1978) (U) 
logKg^ = 0.937 log KQ^ - 0.006 (Brown and Flag 1981) (12) 
logK^j^ = logKo^ - 0.317 (Hassette^a/. 1980, 1981) (13) 
logKo^ = 0.544 log K Q ^ + 1.377 (Layman 1990) (14) 
logKo^ = 0.53.1% + 0.54 (Sabijicl987) (15) 
logKo^ = 0.53.1% + 0.62 (Meylan e?a/. 1992) (16) 
logKo^ = 0.64AI + 0.16 (Okouchi and Saegusa 1989) (17) 
where S and WS represent the solubility in water expressed in |j,g/m€ and mg/€, respectively, K^^ 
is the 1-octanol/water partition coefficient, AI is the adsorbability index and •% is the first-order 
molecular connectivity index for the different organic compounds studied. The log K^^ values 
obtained from equations (11) and (12) were also evaluated in terms of log K^^ and the 
corresponding values obtained are summarized in Table 5. 
The predicted log K ,^^  values for carbofiiran were evaluated by substituting the appropriate 
values of the above coefficients for carbofuran in equations (11)-(17), with the corresponding data 
again being hsted in Table 5. The predicted log K^^ values obtained from the aqueous solubility 
and 1-octanol/water partition coefficient (K^^) of carbofuran were considered to be erroneous 
compared to those measured experimentally. However, when the adsorbability index (AI) and the 
first-order molecular connectivity index ('%) were taken into consideration, the predicted K^j^ 
values were very close to those observed experimentally. Hence, the two latter parameters are 
TABLE 5. Comparison of the Predicted log KQ^^  Values Obtained from 
Equations (Il)-(17) with the Average of the log KQ^ Values Observed 
Experimentally for the Adsorption of Carbofuran on Soils 
Average experimental 
value of log K^^ 
3.50 
Predicted value 
oflogKo^ 
2.02 
2.32 
1.92 
1.76 
2.40 
3.09 
3.17 
3.19 
A" 
1.48 
1.18 
1.58 
1.74 
1.10 
0.41 
0.33 
0.31 
% Error*" 
42.20 
33.70 
45.14 
49.71 
31.42 
11.71 
9.42 
8.85 
"A = experimental log K^ ^^  value - predicted log K^ ^^  value. 
^% Error = f I - (predicted log KQ^/experimental log K^^) x 100] 
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better able to predict the adsorption behaviour of carbofuran than the aqueous solubility or the 
1-octanol/water partition coefficient ( K Q ^ ) . The value of the adsorbability index (AI) and 
first-order molecular connectivity index ('%) are linked to the shape and size of carbofuran. Hence, 
it may be stated that structure of carbofuran has a dominant effect on the soil sorption process. 
CONCLUSIONS 
The results of this study indicate that higher adsorption and lower movement of carbofuran was 
obtained in soils containing higher amounts of organic matter and clay content, with the affinity 
of carbofuran being better correlated with the mineral content of the soils than with their organic 
matter content. The significantly smaller and negative values of AG° further confirmed that 
carbofuran adsorption by soils is an exothermic spontaneous process and is promoted by weak 
physical forces. Since carbofuran is less adsorbed on sandy loam soil in comparison to silt loam 
and loam soils, its potential to leach to shallow aquifers and ground water is greater in sandy 
loam soil. 
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ABSTRACT 
Adsorption and movement of carbaryl in absence and presence of aqueous surfactant 
(cationic, cetyl pyridinium chloride (CPC), non-ionic, polyoxyethylene lauryl ether (Brij-
35) and anionic, sodium dodecyl benzene sulphonate (SDBS)) solutions of different 
critical micellar concentrations (0.5 X CMC, 1.0 X CMC and 2 X CMC) in soils were 
studied using batch shake and soil thin-layer chromatography (soil TLC) techniques. The 
measured equilibrium adsorption isothenns were L-shaped and in close agreement to 
Freundlich isotherms. Higher adsorption of carbaryl in both systems was observed on 
FRI silt loam (FSL) soil followed by Alampur silt loam (ASL), Kalai loam (KL) and 
Bhoran sandy loam (BSL) soils as anticipated from Freundlich constant Kp, KD* and 
distribution coefficient KF, KF* values. The adsorption of carbaryl in surfactant-soil-
water systems followed the order: cationic > anionic > non-ionic at all CMC values 
studied. The Rf values obtained from soil TLC studies were inversely proportional to Kf, 
Kp* and KD, KD*values. The ratios of (KD*/KD) values were used to evaluate 
remediation efficiency of surfactants. Non-ionic surfactant (Brij-35) is favorable for 
remediation of carbaryl contaminated soils as KD*/KD ratio is less than I. 
Keywords: Carbaryl, surfactants, adsorption, soil thin layer chromatography, 
remediation efficiency. 
INTRODUCTION 
Carbaryl (1-napthyl-N-methyl carbamate) 
0 H 
0 — C — N — CH3 
is a systemic, non-ionic, contact insecticide which is Avidely used against all major insect 
pests of cereals, fniits, vegetables and other crops. Most of the existing data on carbaryl 
adsorption on soils and clays deals with aqueous solutions'"^. Recently, Singh et af have 
studied the effect of water miscible organic solvents (acetone and methanol) on the 
adsorption and movement of carbaryl in soils and verified the cosolvent theory*. Much 
attention has been paid to study the effect of surfactants on the adsorption of hydrophobic 
organic compounds (HOCs) in soils'". Several researchers'^ ""* have reported that 
surfactants above their critrical micelle concentration (CMC) enhance the solubility of 
HOCs /pesticides by partitioning it into the hydrophobic cores of surfactant micelles and 
it represents an important tool in chemical and biological remediation of the 
contaminated soil and sediments.The information pertaining to the effect of surfactants 
on the adsorption and movement of carbaryl in soils is scanty'^. In view of encouraging 
results obtained during the course of studies'^ on the effect of cationic (CTAB), anionic 
(SDS) and non-ionic (Triton X-100) surfactants on the adsorption and movement of 
carbaryl in soils, it was considered desirable to extend the work with other surfactants. 
Hence, in the present study an attempt has been made to study the adsorption and 
movement of carbaryl in soils in the absence and presence of aqueous surfactant solutions 
(cationic, cetyl pyridinium chloride, CPC; non-ionic, polyoxyethylene lauryl ether, Brij-
35 and anionic, Sodium dodecyl benzene sulphonate, SDBS) at different critical micelle 
(0.5 X CMC, 1 X CMC and 2 X CMC) concentrations. This type of study will help to 
understand how the adsorption and movement of cabaryl is altered by the presence of 
these surfactants when both coexist in soils as a result of human activity and further how 
the presence of surfactants can help in solving pollution problems posed by carbaryl. 
MATERIALS AND METHODS 
Experimental Soils 
The soils used were collected from the surface horizon (0-30 cm) of various 
representative sites of cultivated fields from the villages Alampur Rani (silt loam, ASL), 
Kalai (loam, KL) and Bhoran (sandy loam, BSnL) in the Aligarh district (U.P.)> ^nd from 
the Forest Research Institute Farm (silt loam, FSL) in the Dehradoon district 
(Uttarakhand) in India. The soil samples were air-dried, ground to pass through a 2-mm 
sieve and stored in plastic bags at room temperature. The physico-chemical characteristics 
of the soils were determined using standard methods and results obtained are summarized 
in Table 1. 
Chemicals 
Carbaryl (99 %; aqueous solubility = 120 mg L''; log KQW = 2.36) was obtained from 
M/S Bayer Crop Science India Ltd., Mimibai, India. A stock solution of carbaryl of 
concenfration 1000 ^g/mL was prepared by dissolving requisite amount of carbaryl in 
methanol. Methanol was the preferred solvent as it showed no effect on the surfactant 
solubilization; higher alcohols could not be utilized since they affect CMC values 
significantly'^ The cationic (CPC, CMC = 0.34g/L), non-ionic (Brij-35, CMC = 0.04 
g/L) and anionic (SDBS, CMC = 0.43 g/L) surfactants were obtained from C. D. H. 
chemicals Ltd., Mumbai, India. All other chemicals and reagents were of A.R. grade as 
obtained from E. Merck and CDH Chemicals Ltd., India. 
Adsorption Studies 
Batch equilibrium adsorption studies of carbaryl on soils in the absence and presence of 
aqueous solutions of cationic, non-ionic and anionic surfactants at different 
concentrations (0.5 X CMC, 1 X CMC and 2 X CMC) were performed by taking eight 
concentrations of carbaryl (100, 200, 300, 400, 500, 600, 700, 800 ^g) in 100 mL glass 
stoppered conical flasks. The volume in each flask was made up to 20 mL by the addition 
of the requisite volume of methanol and surfactant solutions of different CMCs. To these 
solutions 1 g of each soil was added and the resulting suspensions were maintained in an 
incubator at 25±1°C for 24 h with a shaking period of 3 h. All experiments were 
conducted in duplicate. Preliminary studies showed that there was no measurable increase 
in the adsorption of carbaryl by the soil after 24 h either in the absence or presence of 
various surfactants at the three CMC values employed. The suspensions were then 
centrifuged at 15000 rpm for 10 min using a Beckman model L3 - 50 Ultracentrifuge and 
the carbaryl in supernatant liquids estimated spectrophotometrically'* using T70 UVA'^ IS 
spectrometer at 590 nm. This method has detection limit of O.l^g/mL. The instrument 
has a minimum detection limit of ± 0.002 Abs. The amount of carbaryl adsorbed was 
determined as the difference between the amount of carbaryl added and the amoimt left in 
solution after adsorption. 
SoU Thin Layer Chromatography (SoU TLC) 
The movement of carbaryl in soils was studied using the soil TLC technique and the 
details of the method are given elsewhere'^. 
Statistical Analysis 
Statistical analysis was performed using SPSS 11.0 for Windows to obtain correlation 
between adsorption constants and Rf versus different physico-chemical parameters of the 
soils. 
RESULTS AND DISCUSSION 
The data on carbaryl adsorption on soils could well be described by the empirical 
Freundlich equation with the values of the correlation coefficient, R^  > 0.96. Adsorption 
isotherms of carbaryl were L- type (1/n < 1) according to the classification of Giles et al 
in the absence as well as presence of surfactants at varying CMC values for all the four 
soils studied (Figures 1-3). The L-shaped isotherms indicate the high affinity of the 
adsorbent for the adsorbate (carbaryl) at low concentrations, with this diminishing as the 
initial concentration of the carbaryl increased because of the increasing difficuhy of 
finding vacant adsorption sites. As the isotherms were non-hnear (1/n < 1), in addition of 
Freundlich constant KF, the distribution coefficient, KD values, were also determined. The 
values of Freundlich constant, KF, 1/n, R^  and distribution coefficient, Kp are listed in 
Tables 2-5. The Freundlich constant and distribution coefficient in surfactant fi-ee systems 
are denoted as Kp and KD whereas in surfactant-soil-water systems are denoted as KF*and 
KD* respectively. 
On examination of Figures 1-3 and the Kf, KF*and KD, KD* values given in 
Tables 2-5, it is clear that adsorption followed the order FSL > ASL > KL > BSL in the 
aqueous solution as well as in aqueous surfactant solutions at all CMC values studied. 
The higher adsorption onto FSL soil may be due to its containing greater amount of 
organic carbon, clay and calcium carbonateand its higher surface area and the lower pH 
relative to ASL, KL and BSL soils. The sequence of KF*and KD*values for carbaryl 
adsorption followed the order, cationic > anionic > non-ionic, at all CMC values for all 
four soils and shows that carbaryl adsorption was greater in presence of cationic 
surfactant followed by anionic and non-ionic surfactant. 
The movement of carbaryl in the soils in absence and presence of aqueous 
surfactant solutions as expressed in terms of the Rf values (average of the three 
determinations) is summarized in Tables 2-5. The Rf values are inversely proportional to 
Kj), KF (surfactant firee) and Ko* and Kp* (surfactant-water systems) values. The lower 
fix)ntal Rf values for FSL followed by ASL, KL and BSL soils in both surfactant - fi-ee 
and surfactant systems, confirm the above order of adsorption. 
Effect of the cationic surfactant (CPC) 
Figure l(a-d) and the adsorption isotherm data listed in Table 3 depicts the effect of the 
cationic surfactant (CPC) at different CMC values (0.5 X CMC; 1 X CMC and 2 X 
CMC) on the adsorption of carbaryl on the four soils. The higher values of Kp* and KD* 
(Table 3) of carbaryl at 0.5 X CMC compared to the corresponding Kp and KD (Table 2) 
values in surfactant-free system for all four soils, demonstrate that the adsorption of 
carbaryl increased at this CMC value. This increase of both constants must be due to 
increased adsorption of carbaryl because CPC is cationic in nature and adsorbed (cation-
exchanged) by the soil in the form of hemimicelles and admicelles^ * .^ However, at CMC 
and 2 X CMC, the observed Kp* and KD* values increased markedly (Table 3) than the 
stirfactant free system (Table 2) for all the soils, indicating that the adsorption of carbaryl 
increased with respect to siufactant free system (Figure 1). This marked increase in 
carbaryl adsorption may be due to the fact that at CMC and 2 X CMC the amoimt of CPC 
adsorbed by the soil must be greater than at 0.5 X CMC together with the fact that the 
adsorption capacity of CPC in miceller form is greater than monomer form because at 
high concentrations, surfactants increase soil dispersion, thus increasing the soil surface 
area and the amoimt of available sites for adsorption'^ ""^ .^ Similar results have been 
reported by Igelias- Jimenez et aP who studied the effect of surfactants on the adsorption 
of diazinon, atrazine, ethoftmiesate and acephate in a soil and Wagner et aP who studied 
the effect of cationic surfactant on soils. 
Effect of the non - ionic surfactant (Brij-35) 
The adsorption isotherm data listed in Table 4 and presented in Figure 2 (a-d) represent 
the carbaryl adsorption on soils in absence and presence of aqueous Brij-35 solutions of 
different CMC values (0.5 X CMC, CMC and 2 X CMC). At 0.5 X CMC, there was a 
decrease in KF*and KD* values with respect to the surfactant free system. This decrease 
may be due to the fact that some of the active sites on soil for adsorption would be 
probably occupied by siufactant molecules^^. At CMC and 2 X CMC, a marked decrease 
in KF*and KD* values was observed relative to the surfactant free system indicating a 
decrease in carbaryl adsorption relative to the surfactant free system in all the four soils 
studied. At CMC and 2 X CMC, proportion of Brij-35 adsorbed by soil adsorption sites 
out of the total amount of Brij-35 was much smaller than when surfactant was at 0.5 X 
CMC. This may be due to the fact that at higher concentration of Brij-35, surfactant 
molecules are believed to compete and partly replace the carbaryl molecules adsorbed on 
the soil surface. These molecules would be incorporated into the micelles in the solution 
phase resulting in a decrease in carbaryl adsorption'^ "^'^ .^ As the surfactant forms micelles 
in the solution, these offer a better hydrophobic environment, which attracts contaminants 
released into the solution. Similar results have been reported by Ahmad et al^. 
Effect of the anionic surfactant (SDBS) 
Figure 3 (a-d) and the adsorption isotherm data in Table 5 demonstrate the effect of the 
anionic surfactant SDBS at different CMC values on the adsorption of carbaryl on the 
four soils studied. The higher values of the adsorption constant, Kf *, and the distribution 
coefficient, KD*, at all the three CMC values studied i.e. 0.5 X CMC, IX CMC and 2 X 
CMC compared to the siufactant- free system for all four soils demonstrates that the 
adsorption of carbaryl increased in the presence of SDBS at all the three CMC values 
with maximum adsorption at the highest concentration of SDBS (Table 5). This increase 
in the adsorption can be attributed to two mechanisms of SDBS adsorption on soil, (1) the 
adsorption of SDBS on the negatively charged soil particles as positively charged 
complex with Ca^ "" (or any other divalent cation) as Ca^^ + RSO^' = RSOsCa"^  ^^'^^•, and 
(2) by precipitation of Ca(RS03)^. The precipitates of the anionic surfactants can be 
redissolved as the aqueous surfactant concentration increases^*' ^ ''^ .^ Similar results were 
reported by Wang and Keller^*. 
Remediation efficiency 
The ratios of KD*/KD values were used to evaluate the remediation efficiency of the 
surfactants. If KD*/IQ) ratio exceeds 1, then the remediation of a pesticide contaminated 
soil is considered to be inefficient while if KD*/KD is less than 1, the soil remediation is 
considered to be efficient^ .^ 
The K45*/KD ratios at all the three CMC values of CPC exceed one and hence the 
remediation of the soils using the cationic surfactant is inefficient (Table 3). In the 
present study, KD*/KD value is highest at 2 x CMC. It is reported by Lee et af''^ that 
maximimi KD*/KD ratio for contaminants in the cationic surfactant system occur at four 
to five times the CMC. The point of decline for this KD*/KD goes beyond the maximum 
surfactant uptake on the soil surface. 
The KD*/KD ratios at all the three CMC values of Brij-35 are less than one (Table 
4) and this obvious reduction in the KD*/KD values is due to the solubility enhancement 
of carbaryl in the presence of surfactant. The obtained results of KD*/KD < 1 demonstrate 
that Brij-35 is efficient in remediating the soils contaminated with carbaryl. 
The KD*/KD ratios at all the three CMC values of SDBS exceed one (Table 5) and 
hence the remediation of the soils using the anionic surfactant, SDBS is inefficient. The 
KD*/KD ratio is maximum at 2 X CMC value of the surfactant. Similar results have been 
reported by Lee et af'^ in their studies on the effect of SDBS on organic compounds and 
pesticides. The KD*/KD ratio in anionic surfactant-soil-water systems shows a general 
tendency towards maximum when surfactant concentration is about one to two times the 
CMC. Hence the remediation of soils contaminated with carbaryl with SDBS is not 
favorable. Thus, it can be concluded from KD*/KD ratios that CPC and SDBS are not 
efficient for the remediation of cabaryl contaminated soils whereas Brij-35 is efficient. 
With a view of determining, by means of a statistical approach, the effect of soil 
properties on the adsorption of carbaryl, Pearson's correlations between the KF, KF* and 
KD, KD* adsorption constants and the characteristics of the soils were calculated. The 
results point to the existence of a positive correlation between the Kp, KD (surfactant-free) 
and KF*, KD* (surfactant-soil-water systems) and the organic carbon, clay content, clay 
+ silt content and CEC of the soils and a negative correlation with pH of the soils with 
correlation being highly significant with organic carbon content (r^  < 0.996; p < 0.01) of 
the soils. Thus, it is confirmed that the organic carbon content of the soils is determining 
factor for the adsorption of carbaryl on the studied soils and indicates that adsorption of 
carbaryl occurs primarily through hydrophobic processes and partitioning into soil 
organic matter. However, positive correlations with other soil properties suggest that in 
addition to soil organic carbon other soil components also contribute significantly to 
adsorption. 
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Table 1. Physico-chemical parameters of the soils studied. 
Soil properties F.R.I. Soil 
(FSL) 
Sand (%) 
Silt (%) 
Clay (%) 
Organic matter(%) 
Organic carbon(%) 
18.00 
61.00 
21.00 
4.7 
2.7 
Texture Silt Loam 
pH 
CEC [Cmol (P")] Kg-
Surface area (mVg) 
CaC03(%) 
Bulk density (g/cm^) 
7.2 
237 
290.32 
6.10 
1.15 
Alampur Soil 
(ASL) 
28.73 
55.27 
16.00 
1.08 
0.63 
Silt Loam 
8.04 
65 
274.19 
3.50 
1.33 
Kalai Soil 
(KL) 
34.00 
40.00 
26.00 
0.97 
0.56 
Loam 
8.46 
100 
258.06 
2.50 
1.38 
Bhoran Soil 
(BSnL) 
77.90 
11.10 
11.00 
0.34 
0.195 
Sandy Loam 
8.38 
36 
64.52 
0.30 
1.39 
CEC = Cation Exchange Capacity 
Table 2. Partition coefficient (KD) and Freundlich constants (Kp) data of carbaryl 
adsorption on soils in aqueous solutions. 
Soils 
FSL 
ASL 
KL 
BSnL 
KD 
46.59 
14.07 
10.06 
3.96 
R' 
0.99 
0.99 
0.98 
0.99 
KF 
95.69 
28.84 
22.81 
10.23 
1/n 
0.88 
0.75 
0.81 
0.69 
Rf 
0.37 
0.59 
0.63 
0.80 
13 
Table 3. Partition coefficient (KD*) and Freundlich constants (Kf*) data of carbaryl 
adsorption on soils in presence of cetyl pyridinium chloride at different CMCs. 
Soils 
FSL 
ASL 
KL 
BSnL 
CMC 
0.5 
1.0 
2.0 
0.5 
1.0 
2.0 
0.5 
1.0 
2.0 
0.5 
1.0 
2.0 
K D * 
72.19 
91.19 
111.77 
36.79 
46.69 
61.42 
27.32 
36.40 
50.70 
10.99 
15.43 
25.02 
R' 
0.98 
0.96 
0.96 
0.99 
0.99 
0.99 
0.99 
0.99 
0.97 
0.99 
0.98 
0.97 
KF* 
115.77 
166.72 
234.96 
46.76 
80.00 
126.94 
35.65 
55.18 
82.00 
22.77 
36.11 
57.74 
1/n 
0.77 
0.68 
0.55 
0.89 
0.77 
0.63 
0.90 
0.84 
0.77 
0.76 
0.71 
0.69 
Rf 
0.28 
0.25 
0.22 
0.40 
0.36 
0.31 
0.56 
0.41 
0.35 
0.69 
0.59 
0.57 
KD*/KD 
1.76 
2.22 
2.72 
2.61 
3.32 
4.37 
2.72 
3.62 
5.02 
2.77 
3.90 
6.32 
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Table 4. Partition coefficient (KD*) and Freundlich constants (KF*) data of carbaryl 
adsorption on soils in presence of Brij -35 at different CMCs. 
Soils 
FSL 
ASL 
KL 
BSnL 
CMC 
0.5 
1.0 
2.0 
0.5 
1.0 
2.0 
0.5 
1.0 
2.0 
0.5 
1.0 
2.0 
KD* 
18.30 
14.74 
11.50 
10.46 
9.16 
7.70 
8.83 
7.68 
6.70 
3.12 
2.53 
2.00 
R' 
0.98 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
KF* 
40.97 
24.14 
15.38 
22.39 
17.10 
13.21 
21.37 
14.74 
10.96 
6.86 
4.62 
2.45 
1/n 
0.72 
0.83 
0.90 
0.75 
0.79 
0.82 
0.71 
0.79 
0.84 
0.75 
0.81 
0.94 
Rf 
0.54 
0.58 
0.62 
0.62 
0.65 
0.70 
0.68 
0.72 
0.75 
0.83 
0.86 
0.90 
KD*/KD 
0.45 
0.36 
0.28 
0.74 
0.65 
0.55 
0.88 
0.76 
0.67 
0.79 
0.64 
0.51 
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Table 5. Partition coefficient (KD*) and Freundlich constants (Kp*) data of carbaryl 
adsorption on soils in presence of sodium dodecyl benzene sulphonate at different 
CMCs. 
Soils 
FSL 
ASL 
KL 
BSnL 
CMC 
0.5 
1.0 
2.0 
0.5 
1.0 
2.0 
0.5 
1.0 
2.0 
0.5 
1.0 
2.0 
KD* 
48.74 
53.01 
60.89 
22.11 
30.50 
48.99 
14.27 
22.74 
40.57 
7.37 
13.01 
17.86 
R^  
0.99 
0.99 
0.98 
0.99 
0.99 
0.99 
0.95 
0.99 
0.99 
0.99 
0.99 
0.99 
KF* 
98.17 
85.20 
109.90 
31.80 
48.39 
81.50 
30.96 
40.93 
62.09 
14.34 
24.04 
35.93 
1/n 
0.84 
0.77 
0.72 
0.73 
0.81 
0.79 
0.87 
0.77 
0.81 
0.79 
0.79 
0.75 
Rf 
0.36 
0.34 
0.30 
0.56 
0.47 
0.36 
0.58 
0.57 
0.42 
0.71 
0.59 
0.55 
KD*/KD 
1.05 
1.29 
1.50 
1.60 
2.17 
3.48 
1.42 
2.26 
4.03 
1.86 
3.28 
4.51 
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Effect of CPC, Brij-35 and SDBS Surfactants on the Adsorption and Movement of 
Carbofuran in Indian Soils 
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"Laboratories of Soil Science, Department of Botany, Faculty of Life Sciences, Aligarh 
Muslim University, Aligarh , India; Department of Chemistry, Faculty of Science, 
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ABSTRACT 
Laboratory studies were conducted to determine adsorption and movement of carbofuran 
in aqueous surfactant free and surfactant [(cationic, cetyl pyridinium chloride (CPC), 
non-ionic, polyoxyethylene lauryl ether (Brij-35) and anionic, sodium dodecyl benezene 
sulphonate (SDBS)] solutions of different critical micellar concentrations (1/2 X CMC, 
1.0 X CMC and 2 X CMC) in four different Indian soils using batch shake and soil thin 
layer chromatography (soil TLC) techniques. The measured equilibriiun adsorption 
isotherms were in agreement with Freundlich equation. Higher adsorption of carbofuran 
in both systems was observed on FRI silt loam (FSL) soil followed by Alampur silt loam 
(ASL), Kalai loam (KL) and Bhoran sandy loam (BSL) soils as anticipated from 
Freundlich constant Kp and distribution coefficient KD, in surfactant free systems and 
Kp* and KD*, in surfactant-soil-water systems. The adsorption of carbofixran in 
surfactant-soil-water systems followed the order: cationic > anionic > non-ionic at all 
CMCs studied. The Rf values obtained from soil TLC studies confirmed above order of 
adsorption. The KD and KD* values were used to evaluate remediation efficiency 
(KD*/KD) of surfactants. Non-ionic surfactant, Brij-35 and anionic surfactant, SDBS are 
favorable for remediating soil contaminated with carbofuran as KD*/KD ratio is less 
than 1. 
Keywords: Carbofuran, surfactants, adsorption, soil thin layer chromatography, 
remediation efficiency 
INTRODUCTION 
Carbofuran (2, 3-dihydro-2, 2-dimethylbenzofuran-7-yl methylcarbamate) is a systemic 
non-ionic broad spectrum acaricide / insecticide / nematicide widely used in the Indian 
subcontinent for the control of nematodes in soil. Its effectiveness, being a soil applied 
pesticide, however depends upon physicochemical properties of the soils, enviroimiental 
conditions and its ability to reach the target organisms in an adequate concentration for a 
certain period of time. Most of the data on carbofuran adsorption on soils and other 
adsorbents deal with aqueous solutions (Singh et al., 1994; Kumari et al., 1988; Varshney 
et al., 1986; Garg and Agnihotri, 1984; Felsot and Wilson, 1980). Singh (1996) has 
reported the effect of water-miscible organic co-solvents on the adsorption and 
movement of carbofuran in soils and verified the co-solvent theory proposed by Rao et al. 
(1985). Much attention now has been paid to study the effect of surfactants on the 
adsorption of hydrophobic organic compoxmds (HOCs) in soils (Edwards et al., 1994, 
Guha et al., 1998). Several researchers have reported that surfactants above their critrical 
micelle concentration (CMC) enhance the solubility of HOCs or pesticides by 
partitioning it into the hydrophobic cores of surfactant micelles and it represents an 
important tool in chemical and biological remediation of the contaminated soil and 
sediments. 
Recently, Singh et al. (2000) have reported the effect of varying CMCs of CTAB, 
SDS and Tween-20 on the adsorption and movement of carbofuran in soils and in view of 
the encouraging results obtained during this study, it was considered desirable to study 
the effect of other surfactants such as CPC, SDBS and Brij-35 on the adsorption and 
movement of carbofuran as the effect of these surfactants on carbofuran is not available 
in Hterature. Hence, in the present investigation an attempt has been made to study the 
adsorption and movement of carbofuran in soils in presence of aqueous solutions of 
various surfactants [cetyl pyridinium chloride (CPC, cationic), polyoxyethylene lauryl 
ether (Brij-35, non-ionic) and sodium dodecyl benzene sulphonate (SDBS, anionic)] at 
different critical micelle concentrations (1/2 X CMC, CMC and 2 X CMC). This type of 
study will help to understand how the adsorption of carbofuran is altered by the presence 
of such surfactants when both co-exist in the soil as a result of human activity as well as 
the possible development of the use of surfactants in solving pollution problems posed by 
carbofuran in soils. 
MATERIALS AND METHODS 
Experimental soils 
The soils used in the present study were collected from the surface horizon (0-30 cm) by 
taking samples from various representative sites of cultivated fields from the villages of 
Alampur Rani (silt loam, ASL), Kalai (loam, KL), Bhoran (sandy loam, BSL) in Aligarh 
district of Uttar Pradesh State and from the Forest Research Institute farm (silt loam, 
FSL) in the district Dehradoon of Uttarakhand State, India. The collected soil samples 
were air-dried, ground to pass through a 2-mm sieve and stored in plastic bags at room 
temperature. The grain size composition (% sand, % silt and % clay) of soils was 
estimated by the International Pipette method (Piper, 1950). The pH values of the 1:2.5 
soil/water samples and their CaCOs content were determined by the methods proposed by 
Jackson (1958). The percentage of organic carbon, cation exchange capacity (CEC) and 
surface area of the soils were determined by Walkley and Black (1947), Ganguli's (1951) 
and Dayal and Hendrick's methods (1950), respectively. The resuhs obtained are 
summarized in Table 1. 
Chemicals 
Carbofiiran 99% pure (aqueous solubility = 320 mg L''; log Kow - 2.315) was obtained 
from Rallis India Ltd., Mumbai, India. A stock solution of carbofiiran (500 |ig mL'') was 
prepared by dissolving the requisite amoimt of carbofiuan in methanol. Methanol was the 
preferred solvent since it showed no affect on surfactant solubilization; higher alcohols 
could not be utilized since they affect the CMC very significantly (Rosen, 1989; Edwards 
et al., 1991). All other chemicals and reagents used were of A.R. grade obtained from 
Merck and CDH chemicals Ltd. The surfactants, i.e. cetyl pyridinium chloride (CPC, 
cationic) polyoxyethylene lauryl ether (Brij -35, non-ionic) and sodium dodecyl benzene 
sulphonate (SDBS, anionic) were obtained from CDH chemiczils Ltd., Mumbai, India and 
their properties are listed in Table 2. 
Adsorption studies 
Batch equilibrium adsorption isotherms of carbofuran on soils in the presence and 
absence of aqueous solutions of the cationic, non-ionic and anionic surfactants at 
different critical micelle concentrations (1/2 x CMC, CMC and 2 x CMC) were evaluated 
by taking 10 concentrations of carbofuran (5,10, 15,20,25, 30, 35,40,45 and 50 ng mL' 
') in 100 mL glass stoppered conical flasks. The volume contained in each flask was 
made up to 20 mL by the addition of the requisite volume of methanol and surfactant 
solutions at different CMCs. To these solutions Ig of each soil was added and the 
resulting suspensions were maintained at 25°C for 24 h in an incubator with a shaking 
period of 3h. Ail experiments were conducted in duplicate. Preliminary studies showed 
that there was no measurable increase in the adsorption of carbofuran by the soils after 24 
h either in presence or absence of the various surfactants at the three CMC values 
employed. The suspensions were centrifuged at 15000 rpm for 10 min using a Beckman 
model L3-50 ultracentrifuge and the amount of carbofuran in the supematants was 
estimated spectrophotometrically (Mithyantha and Perur, 1974). This method has a 
detection limit of l|ig mL"'. The amount of carbofuran adsorbed was calculated as the 
difference between the initial carbofuran concentration and the equilibrium concentration 
according to the following expression: 
x/m = (Co-Ce)VAV (1) 
where x/m is the concentration of cariiofuran in the soil (|Xg g'^ ), Co is the initial 
carbofuran concentration (^g mL''), Ce is the equilibrium carbofuran concentration (|ig 
mL"'), V is the solution volume and W is the weight of soil sample employed. 
Soil thin layer chromatography (Soil TLC) 
The movement of carbofuran in soils was studied using soil TLC technique (Helling and 
Turner, 1968). TLC is a qualitative screening tool suitable for obtaining an estimate of 
chemical's leaching potential according to OPPTS835.120, EPA guidelines. Soil TLC 
plates of 0.5 mm thickness were prepared by spreading soil/water slurry having a 
soil/water ratio of 1:2 onto 20 x 20 cm^ clean glass plates with the help of a TLC 
spreader. The plates were dried at room temperature and then activated by heating at 100-
105 °C for 5/2 h, deactivated and stored in a desiccating chamber. Two lines were scribed 
onto each plate at distances of 3 cm and 13 cm above the base to maintain a standard 
development distance of 10 cm on the plates. A lOjiL volume of carbofiiran solution of 
1000 ng mL"' concentration in methanol was appUed as spot onto the TLC plates with the 
help of the lambda pipette held 3 cm above the bottom of the plates. A 2 cm wide strip of 
paper towel moistened with water was wrapped around the bottom of the plates to 
prevent disintegration of the soil layer when it came into contact with the eluents. The 
carboftiran spotted plates were eluted in distilled water and aqueous solutions of the 
different surfactants studied at all the three critical micelle concentrations (1/2 X CMC, 
CMC and 2 X CMC) positioning the plates at an angle of 45° in the glass tank. After the 
eluent had migrated to a distance 10 cm from the base line, the plates were taken out and 
dried at room temperature. The movement of carbofiiran was detected by spraying the 
developed plates with 5% methanolic KOH solution followed by 0.1% p-nitrobenzene 
diazonium tetrafluoroborate solution. The development of violet colored spots indicated 
the movement of carbofiiran. The movement of carbofiiran was expressed in terms of the 
Rf values (Singhal and Singh, 1977), 
Rf = RT + RI 
2 
where RT and RL denote tailing and lateral fronts, respectively. The tailing and lateral 
fronts can be expressed by the equations 
RT = Distance moved by the upper part of the spot 
Distance moved by the developer 
and 
Rl = Distance moved by the bottom of the spot 
Distance moved by the developer 
respectively. 
RESULTS AND DISCUSSION 
The adsorption isotherms for carbofiiran on soils in the absence and presence of the 
aqueous solutions of the surfactants are depicted in Figures 1-3. All these isotherms 
indicate the amount of carbofiiran adsorbed per unit mass of solid adsorbent (x/m, ng g'*) 
versus the equilibrium concentration (Ce, |J.g mL'^). From these isotherms, it is clear that 
adsorption followed the order as F.R.I, silt loam (FSL) > Alampur silt loam (ASL) > 
Kalai loam (KL) > Bhoran sandy loam (BSL) in the aqueous solution as well as in 
aqueous surfactant solutions at all CMC values studied. The higher adsorption onto FSL 
soil may be due to the greater amovmt of organic matter, clay and calcium carbonate 
content (Singh et al., 1994; Singh, 1996) the higher surface area and the lower pH value 
(Singh et al., 2000) of FSL soil followed by ASL, KL and BSL soils (Table 1). According 
to the classification of Giles et al. (1960), in surfactant free system the isotherms are L-
shaped for FSL, ASL and KL soils and S- shaped for BSL soil. In presence of cationic 
surfactant, CPC the isotherms are L-shaped for all four soils studied. In presence of non -
ionic surfactant, Brij-35 and anionic surfactant, SDBS the isotherms are S - shaped for all 
the four soils studied. The L-shaped isotherms indicate the high affinity of the adsorbent 
for the adsorbate (carbofiiran) at low concentrations, with this diminishing as the initial 
concentration of the carbofiiran increased because of the increasing difficulty of finding 
vacant adsorption sites. The S - shaped isotherms suggest that adsorption onto soil is a 
complex phenomenon and reveals the interaction of adsorbate (carbofiiran) with different 
surface energies (Felsot and Dahm, 1979). In all cases, the adsorption data could be 
described by the empirical Freimdlich adsorption equation i.e. 
log (x/m) = log KF + 1/n log Ce (2) 
where KF and 1/n are constants associated with the affinity of the adsorbent for the 
adsorbate and to the degree of curvature of the isotherms respectively. The dimensions of 
KF are |xg"'"V mL g while 1/n is dimensionless. In general, the values of the correlation 
coefficient, R ,^ were greater than 0.96. The values of KF and 1/n for the soil/ carbofiiran 
combinations were estimated by the linear regression of the logarithmically transformed 
data, with values so obtained being summarized in Tables 3-5. The magnitude of KF 
expresses the relative adsorption capacity for the adsorbate (Adamson, 1967) for systems 
having comparable 1/n values and extent or degree of adsorption (Haque, 1978), while 
the value of 1/n provides an idea of the intensity of adsorption which varies with the 
nature of the adsorbate. The values of 1/n less than or greater than 1, indicate the non-
linearity between the solution equilibrium concentration and adsorption. For the L-
shaped isotherms, 1/n values are less than 1 and for S-shaped isotherms, 1/n values are 
greater than 1. The lack of linearity may be attributed to specific interactions existing 
between compounds with polar groups and the organic matter or the mineral fi-actions of 
the soils (Mingelgrin and Grestl, 1983; Karickhoff, 1984). 
When the values of 1/n depart from unity, the values of distribution coefficient, 
KD, are often determined in order to estimate the extent of adsorption under equilibrium 
conditions (Calvet et al., 1980). For this reason, the statistical average of the distribution 
coefficient, KD, for each soil in the presence and absence of aqueous solutions of the 
surfactants at different CMC values was calculated from the adsorption data using the 
relationship: 
KD = i:(x/m.Ce)/S(Ce)' (3) 
where X stands for the summation of the values. The values of Kp, 1/n, R^  and KD thus 
evaluated are listed in Tables 3-6. On examination of these data, the higher values of K? 
and KD were observed for FSL soil followed by ASL, KL and BSL soils. The Freundlich 
constant and distribution coefficient in surfactant free systems are denoted as KF and KD 
whereas in surfactant-soil-water systems are denoted as Kf *and KD* respectively. 
On examination of these data, higher values of KF, KF*and KD, KD* were 
observed for FSL soil followed by ASL, KL and BSL soils. This confirms the order of 
carbofiaran adsorption in both aqueous surfactant-free and surfactant containing systems 
(Figures 1-3). The higher KF*and KD*values in the presence of cationic surfactant, 
followed by the anionic and non-ionic surfactant (cationic > anionic > non-ionic) at all 
CMC values on all four soils studied also confirms that carbofuran adsorption was greater 
in presence of cationic surfactant followed by anionic and non-ionic surfactant at all 
CMC values studied. 
Effect of cationic surfactant (CPC) 
Figure l(a-d) depicts the effect of the cationic surfactant at different CMC values on the 
adsorption of carbofuran on the four soils studied. The higher values of the Kp* and 
KD*(Table 4), for carbofuran at Vi x CMC of surfactant compared to the corresponding 
KF and KD values (Table 4) in a surfactant- free system for all four soils demonstrates 
that the adsorption of carboftiran increased at this CMC value. This increase of both 
constants must be due to the partitioning of carbofuran into surfactant hemimicelles and 
admicelles formed on the soil surfaces due to the cationic nature of CPC (West and 
HarweU, 1992). 
However, in aqueous surfactant concentrations corresponding to CMC and 2 X 
CMC, the observed values of KF*and Kp* were increased markedly for FSL and BSL 
soils and decreased for ASL and KL soils relative to the surfactant free system (Table 3). 
This increase in adsorption at CMC and 2 X CMC concenfrations of CPC for FSL and 
BSL soils is probably due to the high adsorption capacity of CPC micelles on soil surface 
in which the carbofuran molecules get incorporated and thus, increasing the adsorption of 
carbofuran. At high concentration, the surfactant would be mobile and would disperse to 
cover a zone, decreasing the solubilization of carbofuran (Wagner et al., 1994). The 
results are in accordance with work of Iglesias- Jimenez et al. (1996) who studied the 
effect of surfactants on the adsorption of diazinon, atrazine, ethofumesate and acephate in 
a soil. The decrease in adsorption at CMC and 2 X CMC on ASL and KL soils relative to 
surfactant free system may be due to the adsorption of carbofuran by the CPC micelles 
present in the solution phase, leading to a net increase in the carboftiran concentration in 
tte solution phase. Similar results were reported by Kile and Chiou (1989) in their studies 
of the water solubility enhancement of DDT and trichlorobenzene by some surfactants 
both below and above critical micelle concentration. The differences in adsorption pattern 
of carbofuran in the FSL & BSL soils and ASL and KL soils may be due to the difference 
in the type of clay content in the different soils. 
Effect of the non - ionic surfactant (Brij-35) 
Figure 2(a-d) depicts the effect of the non-ionic surfactant Brij-35 at different CMC 
values on the adsorption of carbofuran on the soils studied. The marked decrease in the 
values of KF* and KD* (Table 5) in the presence of the surfactant in all soils studied as 
compared to KF and KD values in surfactant-free system indicate the decreased adsorption 
of carbofiiran in presence of surfactant at all the three CMCs studied (Table 3). At '/2 X 
CMC of aqueous surfactant concentration, the decrease in adsorption may be partly due 
to the initial occupation of the soil adsorption sites by Brij-35 molecules and partly due to 
the replacement of the carbofuran molecules adsorbed on the soil surfaces by surfactant 
monomers. At CMC and 2 X CMC of aqueous surfactant concentration, carbofuran 
molecules get incorporated into the micelles present in the aqueous phase, thereby 
leading to a decrease in the number of carbofuran molecules available for adsorption 
(Huggenberger et al., 1973; Aronstein et al., 1991; Sun et al., 1995). As the surfactant 
forms micelles in the solution, these offer a better hydrophobic environment, which 
attracts compoimds released into the solution. Similar results have been reported by 
Ahmad et al. (2005). 
Effect of the anionic surfactant (SDBS) 
Figure 3(a-d) depicts the effect of the anionic surfactant solutions at concentrations equal 
to '/2 X CMC, CMC and 2 X CMC on the adsorption of carbofuran on various soils 
studied. At low concentration (1/2 X CMC), a slight decrease was observed relative to 
surfactant free system, whereas at CMC and 2 X CMC values a mailced decrease in both 
KF*and KD* values was observed (Table 6). Such results demonstrate a slight decrease in 
adsorption at ^i X CMC and marked decrease in adsorption at CMC and 2 X CMC 
concentrations of SDBS on all four soils studied. This decrease may be attributed to 
several mechanisms such as (i) competition for active hydrophobic adsorption sites on the 
soil surface between the carbofiiran and SDBS molecules (ii) SDBS equilibria involving 
monomers and micelles (iii) partitioning of carbofiiran amongst hydrophobic sites and 
SDBS micelles and (iv) interaction between carbofuran molecules and SDBS monomers. 
The results obtained in the present study conform to those of several workers (West and 
Harwell, 1992; Ziqing et al., 1995; Valsaraj and Thibodeaux, 1989; Jafvert, 1991; Liu et 
al., 1991; Park and JafFe, 1993).The decrease in adsorption of carbofuran with increasing 
SDBS concentration with respect to the surfactant-free system for the soils studied 
suggests that SDBS enhanced the solubilization of carbofuran in the suspensions studied, 
with affinity of carbofuran for SDBS micelles being higher than that for monomers for 
soils concemed (Ziqing et al,, 1995). The micelles reduce the adsorption of carbofuran by 
increasing the apparent solubility and reducing the interfacial tension that hinders mass 
transfer. 
hi our earlier studies (Singh et al., 2000), anionic surfactant was found to be the 
best for solubilization of carbofuran molecules but in our present study, non-ionic 
surfactant was best suited for the carbofuran solubilization. This can be due to the 
differences in the properties of soils studied and different surfactants used. 
The movement of carbofuran in the soils in absence and presence of aqueous 
surfactant solutions as expressed in terms of the Rf values (average of the three 
determinations) are summarized in Tables 3-6. The Rf values are inversely proportional 
to the adsorption coefficient, KF (KF*) and partition coefficient, KD (KD*) values. The 
lower Rf values for FSL soil followed by ASL, KL and BSL soils in both aqueous 
surfactant - free and surfactant containing systems confirm the above order of adsorptioiL 
Table 7 shows the percentage of organic carbon content in soils in presence of various 
surfactant solutions at different CMC values. 
Remediation efficiency 
The ratio of KD*/KD values were used to evaluate the remediation efficiency of the 
surfactants. If KD*/KD ratio exceeds 1, then the remediation of a pesticide contaminated 
soil is considered to be inefficient while if KD* / KD is less than 1, the soil remediation is 
considered to be efficient (Lee et al., 2004). 
The KD*/KD ratios at 'A x CMC value of CPC exceed one for all the soils studied. 
The KD*/KD values at CMC and 2 x CMC exceed one for FSL and BSL soils but for ASL 
10 
and KL soils, it is less than 1 (Figure 4(a), Table 4). Thus, for FSL and BSL soils 
remediation is not favorable but for ASL and KL soils remediation is favorable at CMC 
and 2 x CMC values of CPC. The point of decline for this KD*/KD goes beyond the 
maximum surfactant uptake on the soil surface. 
The KD*/KD ratios at all the three CMC values of Brij-35 are less than one (Figure 
4(b), Table 5) and this obvious reduction in the KD*/KD values is due to the solubility 
enhancement of carbofiiran in the presence of surfactant. The obtained results of KD*/KD 
< 1 demonstrate that Brij-35 is efficient in remediating the soils contaminated with 
carbofiiran. 
The KD*/KD ratios at all the three CMC values of SDBS are less than one (Figure 4 
(c), Table 6) and hence the remediation of the soils contaminated with carbofuran using 
the anionic surfactant, SDBS is favorable. 
Influence of organic carbon and clay content on adsorption of carbofuran 
The affinity of carbofuran towards organic carbon, Koc and clay content, Kc for soils in 
presence and absence of the surfactants was evaluated from the equations (Grestl, 1984; 
Singh, 1996), 
Koc = (KD X 100) / % OC (4) 
KC = (KDX 100)/% Clay (5) 
and results obtained are given in Tables 3-6. These are the important parameters that 
play a significant role in assessment of environmental fate of organic chemicals. They 
provide an indication of the extent to which chemical partitioning occurs between the 
solid and solution phases in the soils. In the present study, BSL soil exhibited higher Koc 
values than FSL, ASL and KL soils. This is common for the soils with low organic matter 
content. Hamaker and Thompson (1972) suggested that this tendency was due to the 
significant contribution made by mineral phases towards adsorption. In the present work, 
carbofuran adsorption could be correlated better with clay + silt content of the soils rather 
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than with their organic matter content. Similar results have been reported by a number of 
other workers (Wahid and Sethunathan, 1978; Singh, 1996). 
With a view to determining, by means of a statistical approach, the effect of soil 
properties on the adsorption of carbofiiran, Pearson's correlations between the KF and KD 
adsorption constants and the characteristics of the soils were calculated using SPSS 11.0 
for Windows. The results obtained are summarized in Table 8-9. The results point to the 
existence of a positive correlation between the Kp, KD constants and the organic carbon, 
clay content, clay + silt content and CEC of the soils and a negative correlation between 
KF and KD constants and pH .In presence of the cationic surfactant (CPC), highly 
significant correlations can be seen between Kp* and KD* constants and organic carbon 
content of the soils at CMC and 2 X CMC. This is because the addition of cationic 
surfactant significantly increases the organic carbon content of the soils at these CMC 
values (Table 7). There also exists a significant negative correlation between KF* and 
KD*constants and pH. A negative correlation with pH shows that at low pH values, 
adsorption increases. The addition of CPC affects the pH of the soil-water systems and 
decrease in pH is observed with increase in CMC value. The decrease in pH values at 
these CMC values can also be attributed to the increase in organic carbon content of the 
soils at these CMC values. There exist highly significant correlations between Kp* and 
KD*constants and clay + silt content of the soils in presence of all the three surfactants. It 
could be ascribed to the fact that the molecules of the cationic surfactant are adsorbed on 
the clay fraction of the soil (Sanchez-Martin et al., 2006; Zeng et al., 2006; Rodriguez-
Cruz et al, 2006) whereas the molecules of the non-ionic and anionic surfactant are 
adsorbed to the fine silt content of the soils (Rodriguez-Cruz et al. 2005; Hardy et al. 
1999; Marques et al. 2002). Highly significant correlations with CEC at 1 X CMC and 2 
X CMC of CPC, also indicate an increase in the number of exchangeable sites on the soil 
surfaces owing to increase in the organic carbon content of the soils. The higher 
correlations with CEC also suggest that the role of clay content is also important, 
especially for the soils where the organic matter content was low (Iglesias-Jimenez et al. 
1996) as indicated by high correlations with clay + silt content of the soils. In addition to 
this, more adsorption takes place on the soils with high organic matter. The influence of 
12 
both soil fractions is due to the structure of the carbofuran molecule which contains both 
a hydrophobic unit (benzyl and methyl groups) and a polar unit (-COO group). Colloidal 
fractions, viz. organic carbon and clay, frequently influence the adsorption of pesticides 
which contain hydrophobic and polar groups in their molecular structures (Andrades et 
al. 2001; Sanchez-Camazano et al. 2000). 
Simple correlation coefficient between Rf values and KF (KF*) and KD (KD*) 
constants and soil parameters are shown in Table 10. Negative correlations are observed 
between Rf and Kp (Kp*), KD (KD*) organic carbon, clay content, clay + silt content and 
CEC of the soils and a positive correlation between the Rf and pH of the soil in absence 
and presence of the surfactants. The negative correlation between the KF, KD values and 
Rf signifies that as movement of carbofioran increases in soils, its adsorption decreases. In 
absence of surfactants, highly significant negative correlation is observed between Rf and 
organic carbon (? = - 0.995; p < 0.01); Rf and CEC (? = - 0.97; p < 0.05) and a 
significant positive correlation is observed between Rf and pH of the soil (i^  = 0.964; p < 
0.05). In presence of the cationic surfactant (CPC), there exists a highly significant 
negative correlation between Rf and organic carbon, CEC, KD* and KF* constants of the 
soils. In presence of the non-ionic surfactant (Brij-35), there exists a significant 
correlation between Rf £md KD* of the soils. In presence of anionic surfactant (SDBS), 
there exists a highly significant correlation exists between Rf and clay + silt content of 
soil. There also exist significant correlations between Rf and KD* and Kp* constants of 
the soils. 
The results obtained were also subjected to multiple linear regression analysis by 
combining two or more variables with a view to know the relative importance of soil 
parameters when they vary simultaneously. Analyzing equations given in Table 11, it is 
clear that mineral content (clay and clay + silt) of the soils is responsible for the 
carbofuran adsorption on the soils studied both in absence and presence of the 
surfactants. In absence of surfactants, pH also plays an important role in carbofuran 
adsorption whereas in presence of surfactants of CEC plays a dominant role in carbofuran 
adsorption. 
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CONCLUSIONS 
The results of this study indicate that the higher adsorption and lower movement of 
carbofiiran was obtained in soils which contains higher amount of organic matter and 
clay content and affinity of carbofiiran was better correlated to the mineral content of 
the soils than organic matter content both in the presence and absence of the surfactants. 
To summarize the effects of surfactants on adsorption of carbofiiran on soils in the 
present study, it can be said that the non-ionic surfactant, Brij-35 and anionic surfactants, 
SDBS are more capable for the solubilization of carbofiiran molecules into the solution 
than the cationic surfactant, CPC. The KD*/ KD values for non-ionic and anionic 
surfactant systems are less than one indicating that they can be used for remediation of 
soils contaminated with carbofiiran. Also, non-ionic surfactants are better choices than 
anionic surfactants in soil washing to decrease the portion of carbofiiran sorbed on soil 
particles (Abu-Zreig et al., 1999). The soil TLC method applied for the estimation of the 
movement of carbofiiran only provides a rough estimation of a chemical's leaching 
potential. To reach an adequate understanding for the adsorption and movement of 
carbofiiran on soils, selection of type of surfactants and their optimal concentration is 
very important. This study would provide information that is essential for modeling and 
designing of remediation processes which may help to solve pollution posed by 
carbofiiran in soils. 
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FIGURE CAPTIONS 
Figure l(a-d). Adsorption isotherms of carbofuran on soils in absence and presence of 
CPC solutions of different CMC values. 
Figure 2(a-d). Adsorption isotherms of carbofuran on soils in absence and presence of 
Brij-35 solutions of different CMC values. 
Figure 3(a-d). Adsorption isotherms of carbofuran on soils in absence and presence of 
SDBS solutions of'different CMC values. 
Figure 4(a-c). Changes in KD*/KD values of carbofuran on soils in presence of various 
surfactants at different CMC values. 
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Table 11: Regression Equations between Kp and Kp versus Soil Parameters in absence and 
presence of surfactants at different CMCs. 
Constant CMC of Regression equations 
surfactants 
Cetyl Pyridinium Chloride 
28.690 - 0.172 clay + 0.574 clay+ silt - 1.662pH R^ = 
19.04 - 0.305 clay + 0.668 clay+ silt + 2.8535E-03 CEC R^ = 
33.417 - 0.877 clay + 0.262 clayf silt + 0.162 CEC R^ = 
40.805 - 1.139 clay + 1.418E-02 clay+ silt + 0.296 CEC R^ = 
119.021 + 1.819E-02clay + 2.020 clay + silt - 18.466 pH R^ = 
-52.238 + 1.238 clay + 2.591 clayf silt - 1.33E-02 CEC R^ = 
-3.115 - 3.083 clay + 1.06 clay+ silt + 0.984 CEC R^ = 
22.26 - 4.464 clay + 0.494 clay+ silt + 1.304 CEC R^ = 
Brij-35 
28.690-0.172 clay + 0.574 clay+ sil t- 1.662pH R^ = 
24.259 - 1.545 clay + 0.529 clay+ silt + 4.337E-02 CEC R^ = 
11.198 - 0.398 clay + 0.162 clay+ silt -I-7.430E-02 CEC R^ = 
16.953 -0.932 clay + 0.350 clay+ silt + 5.577E-02 CEC R^ = 
119.021 + 1.819E-02clay + 2.020 clay + silt - 18.466 pH R^ = 
-13.465 - 1.426 clay + 1.522 clayf silt - 8.33E-03 CEC R^ = 
-9.057 - 7.21 clay + 0.859 clay+ silt - 2.32E-02 CEC R^ = 
-12.502-0.924 clay + 1.209 clay+silt-4. lOE-02 CEC R^ = 
Sodium Dodecyl Benzene Sulphonate 
28.69-0.172 clay + 0.574 clajM- silt- 1.662pH R^ = 
12.52 + 8.224E-02 clay + 0.408 clay+ silt -2.97E-03 CEC R^ = 
10.12 + 7.175E-02 clay + 0.387 clayf silt - 1.52E-02 CEC R^ = 
9.86 - 0.118 clay + 0.354 clay+ silt - 4.59E-03 CEC R^ = 
KD 
KD* 
KD* 
KD* 
KF 
KF* 
KF* 
KF* 
KD 
KD* 
KD* 
KD* 
KF 
Kr* 
KF* 
KF* 
0.0 
0.5 
1.0 
2.0 
0.0 
0.5 
1.0 
2.0 
0.0 
0.5 
1.0 
2.0 
0.0 
0.5 
1.0 
2.0 
KD 
KD* 
KD* 
KD* 
KF 
KF* 
KF* 
KF* 
0.0 
0.5 
1.0 
2.0 
0.0 
0.5 
1.0 
2.0 
119.021 + 1.819E-02 clay + 2.020 clay + silt - 18.466 pH R^ = 
-8.29 - 0.56 clay + 0.933 clayf silt - 9.22E-04 CEC R^ = 
-3.258 - 0.782 clay + 0.599 clayf silt + 3.251E-02 CEC R^ = 
-2.985 - 0.337 clay + 0.345 clay+ silt 4.776E-03 CEC R^ = 
CEC = Cation exchange capacity 
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ABSTRACT: Adsorption thermodynamics of carbaryl on four 
divergent textured Indian soils from methanol/water mixtures (fs = 0.1) 
at 25° C and 5QP C has been investigated through adsorption isotherms, 
Freimdlich equation, distribution coefficient and thermodynamic 
parameters. The measured equilibrium adsorption isotherms were L-
shaped for all four soils at both temperatures. The adsorption of 
carbaryl increased with increase in temperature on all four soils. A 
higher adsorption was observed on F. R. I. silt loam (FSL) followed by 
Alampur silt loam (ASL), Kalai loam (KL) and Bhoran sandy loam 
(BSL) soils at both temperatures as anticipated from Freimdlich 
constant, KF and distribution coefficient, KD values. The affinity of 
carbaryl towards organic carbon, organic matter and clay content of 
soils was evaluated by calculating Koc and KQM values. Predicted log 
KoM values were also evaluated by using aqueous solubility, 1-
octanol/water partition coefficient (Kow)» adsorbability index (AI), and 
first order molecular connectivity index ('x ) of carbaryl. Use of AI and 
'x of carbaryl gave predicted log KQM values close to those observed 
experimentally. The thermodynamic equilibrium constant (Ko), 
standard free energy (AG°), enthalpy (AH°) and enfropy changes (AS°) 
were calculated in order to predict the nature of adsorption. 
INTRODUCTION 
Extensive use of pesticides in agricultural fields and high leaching potential of most 
of them is among the most prominent sources of groundwater contamination. 
Deterioration of groundwater quality due to the presence of these harmfiil organic 
compounds has aroused a global concern over the last few decades. It has been 
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reported by several researchers (Cohen et al. 1984; Hallberg 1989; Leistra and 
Boesten 1989; Peoples et al. 1980; Rothschild et al. 1982; Spalding et al. 1980; 
Weaver et al. 1983: Kiunari et al. 2008) that pesticides are found in surface and 
groundwater as pollutants. Recently, Singh et al. (2005) have reported that this 
problem is most severe in developing countries like India where groundwater aquifers 
constitute the major drinking water resources. This has contributed to the need for 
experimental studies on pesticide adsorption behavior in soils so as to overcome the 
problems arising from the presence of these compounds in surface and groundwater. 
Adsorption is one of the most important processes affecting the mobility, persistence, 
bioactivity, toxicity and efScacy of pesticides in soil environment (Lundie 1971; 
Weed and Weber 1974; Farahani et al. 2007; Pehkonen and Zhang 2002; Vagi et al. 
2010). Literature on this aspect has been reviewed by Bailey and White (1970), 
Cheng (1989) and Wauchope et al. (2002). 
Carbamate pesticides are used increasingly in agriculture and horticulture as a 
replacement of more environmentally persistent organochlorines and 
organophosphorus pesticides. Carbaryl (1-naphthyl-N-methylcarbamate), a non-
ionic, contact insecticide with slight systemic properties is widely recommended in 
agriculture against insect pests of cereals, fruits, vegetables and other crops. Its 
structure can be represented as: 
O — C — N — CH3 
Carbaryl is toxic to both targeted and beneficial insects (eg. honey bees) as well as 
crustaceans. Carbaryl is a cholinesterase inhibitor and is toxic to hvimans. It is 
classified as a likely human carcinogen by USE?A. It can produce adverse effects in 
humans by skin contact, inhalation, or ingestion. It does not readily volatilize into the 
atmosphere and might be found in the atmosphere associated with air-borne 
particulates or as a spray drift. If existing in air, it tends to react with hydroxyl radical 
in the ambient atmosphere (Kao, 1994). Carbaryl in air was monitored after being 
applied to a large area of forest in Maine for the control of spruce budworm and the 
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concentrations ranged from 0.0035 to 0.107 g/m^(Shehata et al. 2000). Carbaryl 
moderately binds to soil and has potential to leach to groundwater. Carbaryl has been 
detected in groundwater in three separate cases in California (Howard 1991). 
Most of the data on carbaryl adsorption on soils and clays deals with aqueous 
solutions (Jana and Das 1997; Ahmad et al. 2001; Sheng et al. 2001; Raturi et al. 
2005). Recently, Singh et al. (2010) have studied the effect of water miscible organic 
solvents (acetone and methanol) and surfactants on the adsorption and movement of 
carbaryl in soils. But, the effect of various temperatures on carbaryl adsorption is not 
available in the literature. Hence, in the present investigation, an attempt has been 
made to study the adsorption of carbaryl in four texturally different Indian soils at two 
different temperatures viz. 25° and 50° C and various thermodynamic parameters such 
as thermodynamic equilibrium constant (Ko), standard free energy (AG°), enthalpy 
(AH°) and entropy (AS°) changes were calculated in order to predict the nature of 
adsorption. 
MATERIALS AND METHODS 
Soils and Chemicals 
The soils used in the present study were collected from the sxirface horizon (0-30 cm) 
by taking samples from various representative sites of cultivated fields from the 
villages Alampur Rani (Silt loam, ASL), Kalai (Loam, KL), Bhoran (Sandy loam, 
BSL) in Aligarh district, and Forest Research Institute Farm (Silt loam, FSL) in the 
district Dehradoon of Uttarakhand State, India. The soil samples collected were air-
dried, ground to pass through a 2-mm sieve and stored in plastic bags at room 
temperature. The physico-chemical characteristics of the soils were determined using 
standard methods. The mechanical composition of soils was estimated by the 
International Pipette method (Piper 1950). The pH in 1: 2.5 soil - water samples were 
determined by the method proposed by Jackson (1958). The percentage of organic 
carbon, organic matter, cation exchange capacity (CEC) and surface area of the soils 
were determined by Walkley and Black (1947), Ganguli's (1951) and Dayal and 
Hendrick's (1950) methods, respectively. The results obtained are summarized in 
Table 1. 
TABLE 1. Physico-chemical Parameters of the Soils Studied. 
Soil properties F.R.I. Soil 
(FSL) 
Alampur Soil 
(ASL) 
Kalai Soil 
(KL) 
Bhoran Soil 
(BSL) 
Sand(%) 18.00 
Sih(%) 61.00 
Clay(%) 21.00 
Organic matter(%) 4.7 
Organic carbon(%) 2.7 
Texture Silt Loam 
pH 7.2 
CEC [Cmol (P*)] Kg- 237 
Surface area (m^/g) 290.32 
CaC03(%) 6.10 
Bulk density (g/cm^) 1.15 
28.73 
55.27 
16.00 
1.08 
0.63 
Silt Loam 
8.04 
65 
274.19 
3.50 
1.33 
34.00 
40.00 
26.00 
0.97 
0.56 
Loam 
8.46 
100 
258.06 
2.50 
1.38 
77.90 
11.10 
11.00 
0.34 
0.195 
Sandy Loam 
8.38 
36 
64.52 
0.30 
1.39 
Carbaryl (aqueous solubility = 120 ^g/ml; log KQW = 2.36) was obtained from M/S 
Bayer Crop Science India Ltd., Mumbai. A stock solution of carbaryl of 1000 ng/ml 
concentration was prepared by dissolving requisite amovmt of carbaryl in methanol. 
All other chemicals and reagents were of A.R. grade as obtained from B. Merck, India 
and CDH chemicals Ltd. India. 
Adsorption studies 
Batch equilibrium adsorption experiments of carbaryl on soils were performed by 
taking eight concentrations of carbaryl (5, 10, 15, 20, 25, 30, 35, 40 ^g/ml) in 100 ml 
glass stoppered conical flasks. The volume contained in each flask was made up to 20 
ml by the addition of the requisite volume of methanol and distilled, water at fixed 
volume fraction (fs= 0.1). To these solutions 1 g of each soil was added and the 
resulting suspensions were then shaken in a temperature controlled shaker for 3 h at 
25 + 1° C for the first set of experiments and at 50 + 1° C for the second one and left 
overnight. Preliminary experiments revealed a contact time of 24 hr to be sufficient 
for equilibrium to be reached in both systems. All the experiments were conducted in 
triplicate. The suspensions were then centrifuged at 15000 rpm for 10 min using a 
Beckman model L3 - 50 Ultracentrifiige and the carbaryl in supernatant Uquids 
estimated spectrophotometrically at 590 nm by the method proposed by Stansbury 
and Miskus (1964) using T-70 UVA^IS Spectrophotometer. This method has a 
detection limit of 0.lug/ml. The instrument has a minimum detection limit of + 0.002 
Abs. The amount of carbaryl adsorbed was calculated as the difference between the 
initial and equilibrium concentrations in solution using the following expression: 
x/m = (Co-Ce)V/W (1) 
where x/m is the concentration of carbaryl in the soil (jiig/g), Co is the initial 
concentration of carbaryl in solution (|ig/ml), Ce is the equilibrium concentration of 
carbaryl in solution (ng/ml), V is the volume of solution and W is the weight of the 
soil employed. 
Evaluation of the adsorbability index (AI) and the first order molecular 
connectivity index (*x) of carbaryl 
Adsorbability index proposed by Abe et al. (1986) is an empirical molecular 
descriptor derived from a group contribution method based on molecular refractivity 
to predict activated carbon adsorption of 157 compounds. This index was also appUed 
to predict the soil sorption coefficient of the same 157 compounds (Okouchi and 
Saegusa 1989). The adsorbability index (AI) of carbaryl was evaluated from equation 
(2) by inserting the values of A and I as listed in the Table 2 derived from the work of 
Abe e^  a/. (1986), 
Al = 2A + I I (2) 
where A and I are the factors for the respective increase and decrease in the 
adsorbability of the atom or functional group in the molecule from aqueous solution 
on to the various soils studied, the AI value for carbaryl being equal to 5.11. 
The first-order molecular connectivity index (^ x) for carbaryl was evaluated by 
substituting the above AI value for the following equation proposed by Okouchi and 
Saegusa (1989), 
'x=1.16Al-0.68 (3) 
from which a corresponding value of 5.247 was obtained. 
TABLE 2. Values of A and I according to Abe et al. (1986). 
A 
c 
H 
N 
0 
s CI 
Br 
NO2 
-C=C-
Iso 
Tert. 
Cyclo 
0.26 
0.12 
0.26 
0.17 
0.54 
0.59 
0.86 
0.21 
0.19 
-0.12 
-0.3 
-0.28 
Aliphatic 
-OH 
-0-
-CHO 
N 
-COOR 
>C=0 
-COOH 
Aromatics 
(alcohols) 
(ethers) 
(aldehydes) 
(amines) 
(esters) 
(ketones) 
(fatty acids) 
-0H,-0-, N, -COOR, >C=0, -COOH 
a-amino acids 
-0.53 
-0.36 
-0.25 
-0.58 
-0.28 
-0.30 
-0.03 
0 
-1.55 
Evaluation of thermodynamic parameters 
The average partial molar free energy (F) changes that occur during the interaction 
were determined by the thermodynamic relationship, 
F = RTln(Ce/Co) (4) 
where Ce and Co were the equilibrium and initial concentrations of the carbaryl in 
equilibrium suspensions, respectively. 
The thermodynamic equilibrium constant Ko for the adsorption was calculated by the 
method of Biggar and Cheung (1973), 
Ko = (Cs /Ce)x(Ys /Ye) (5) 
where Cs is the amount of carbaryl adsorbed per gram of the solvent in contact with 
soils, Ce (ng/ ml) is the concentration in equilibrium suspension, YS and Ye are the 
activity coefficients of the adsorbed solute and solute in equilibrium suspension 
respectively and assumed to be the unity (Robinson and Stockes 1959) in the dilute 
range. 
The value of Cs were calculated using the equation proposed by Fu et al. (1948), 
Cs= [(p / M) X A] / [(S / N) . (x / m)] (6) 
where p is the density of the solvent (g/ml), M the molecular weight of the solvent 
(g/mol), A is the cross sectional area (cm^/molecule) of the solvent molecule, N is the 
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Avogadro's number, S is the surface area of the adsorbent (m^/g) and x/m is the 
amount of carbaryl adsorbed expressed in [ig/g. 
The cross sectional area of the solvent is estimated by the equation (Kodera and 
Onishi, 1959), 
A = 1.091 X 10'^ ^ . [M X l&'^/Qi. p) f^ (7) 
The values of Ko were obtained by plotting In (Cs/Ce) vs Cs and extrapolating Cs to 
zero. , 
The standard free energies (AG°, KJ/mole), enthalpies (AH°, KJ/mole) and entropies 
(AS°, KJ deg/mole) changes for adsorption of carbaryl were evaluated from equations 
8, 9 and 10. 
AG° = -RTlnKo (8) 
In (KoT, / KoTj) = (-AH°/ R) x (I/T2 - l /Ii) (9) 
AG° = AH*'-TAS° (10) 
RESULTS AND DISCUSSIONS 
The adsorption isotherms of carbaryl on soils at 25*^  and 50° C are depicted in Figure 1 
(a-d). All these isotherms indicate the amount of carbaryl adsorbed per unit mass of 
solid adsorbent (x/m, ng/g) versus the equilibrium concenfration (Ce, |ig/ml). In all the 
soils the adsorption was higher at 50° C than at 25° C From the isotherms it is also 
clear that the adsorption follows the order as FSL > ASL > KL > BSL soil at both the 
temperatures studied. The higher adsorption on FSL soil is may be due to higher 
amoxmt of organic carbon and clay content in FSL soil compared to ASL, KL and 
BSL soils (Table 1). The adsorption of carbaryl on the soils studied is directly 
proportional to the surface area of the soils, i. e. higher is the surface area, higher is 
the adsorption (Singh and Singh 2008). All the isotherms at both the temperatures are 
L-shaped (Giles et al. 1960) and indicate a high degree of affinity of the adsorbent for 
the adsorbate and suggest that as the active sites of the adsorbent became saturated, 
the adsorption of new molecules occurred with great difficulty. 
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Figure 1. Adsorption isotherms of carbaryl on four different Indian soils at 25 C 
(-•-)and50°C(-A-). 
All L-shaped isotherms obtained at 25° and 50° C could be described by the 
empirical Freundlich equation 
log x/m = log KF + 1/n log Ce (11) 
where KF and 1/n are the constants associated with the affinity of the adsorbate for the 
adsorbent and the degree of curvature of the isotherms, respectively. The dimension 
of KF is ^g '^""^  mL" g"' whereas 1/n is dimensionless. In general the values of the 
coefficient of determination (r^) were greater than 0.96. The values of Kp and 1/n for 
carbaryl-soil combinations as estimated from the linear regression of the 
logarithmically transformed data are summarized in Table 3. The magnitude of KF 
expresses the relative adsorption capacity for the adsorbate (Haque 1978) for the 
system having comparable 1/n values and the extent or degree of adsorption 
(Adamson 1967). The sequence of KF for carbaryl adsorption on soils confirms the 
above order of adsorption. The values of 1/n provide an idea of the intensity of 
adsorption which varies with the nature of the adsorbate. The values of 1/n < 1 
indicate a degree of non-linearity between solution equilibrium concentration and 
adsorption, and are in agreement with the L-shape of the isotherms. The lack of 
linearity may be attributed to specific interactions existing between compounds with 
polar groups and the organic matter or the mineral fraction of the soils (Singh and 
Singh 2008; Spurlock and Biggar 1994). 
TABLE 3. Adsorption Data of Carbaryl at 25° and 50° C on the Four Soils Studied. 
Soils 
FSL 
ASL 
KL 
BSL 
FSL 
ASL 
KL 
BSL 
KD 
46.59 
14.07 
10.06 
3.96 
69.97 
51.55 
42.63 
5.55 
? 
0.99 
0.99 
0.98 
0.99 
KF 
At 25° C 
95.50 
28.84 
22.39 
10.23 
At 50° C 
0.98 
0.97 
0.99 
0.98 
151.36 
80.48 
70.79 
19.06 
1/n 
0.69 
0.75 
0.81 
0.69 
0.60 
0.81 
0.80 
0.60 
Koc 
1694 
2233 
1788 
2031 
2544 
8183 
7613 
2846 
KoM 
983 
1291 
1037 
1165 
1489 
4773 
4395 
1632 
As the values of 1/n depart from unity it was considered appropriate to use the 
distribution coefficient, KD, as a measure of the soil adsorption capacity as it 
represents the adsorption under equilibrium conditions (Calvet et al. 1980). The 
statistical average of the KD values for each soil at 25*^  and 50'^  C were evaluated from 
the relationship: 
KD = Ex/m.Ce/E(Ce)^ (12) 
where Z stands for the summation of the values. The KD values evaluated are given in 
Table 3. The sequence of KD values also confirms the above order of adsorption. 
The adsorptive capacity of organic carbon, organic matter and clay content for 
soils was evaluated by calculating Koc> KQM and Kc values using the relations (Grestl 
1984), 
KOC = (KD xl 00) / %0C (13) 
KoM = (KD xl 00) / %0M (14) 
Kc =(KDxlOO)/%clay (15) 
and results obtained are given in Table 3. These are the important parameters that 
play a significant role in assessment of environmental fate of organic chemicals. They 
provide an indication of the extent to which chemical partitioning occvirs between the 
solid and solution phases in the soils. In the present study the high Koc values at both 
the temperatures lead to the conclusion that the organic matter is the main parameter 
for carbaryl adsorption. However, the variability of Koc values among four soils at 
both the temperatures also showed that adsorption was not predictable exclusively 
from the organic matter content of the soils and other soil components may also 
contribute to adsorption (CeUs et al. 2006). This is due to the structure of the carbaryl 
molecule which contains both a hydrophobic part (1-naphthyl-N-methyl) and a polar 
part (-COO). The colloidal fractions, organic carbon and clay frequently influence the 
adsorption of pesticides with hydrophobic and polar groups in their molecular 
structure (Andrades et al. 2001; Sanchez-Camazano et al. 2000). Sheng et al. (2001) 
also reported that due to its two-ring n-elecfron system carbaryl may participate in the 
formation of an electron donor-acceptor complex with the siloxane surfaces 
depending on the inductive and resonance properties of the N-methylcarbamate (-
OCONHCH3) moiety. 
Besides the experimental determination, several researchers (Kenaga and 
Goring 1978; Hassett et al. 1980, 1981; Brown and Flag 1981; Layman 1990; Sablijic 
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1987; Meylan et al. 1992; Okouchi and Seagusa 1989) have evaluated the predicted 
log KoM values at standard conditions by using the following equations: 
log Koc = 3.64 - 0.55 log S (Kenaga and Goring 1978) (15) 
log Koc = 0.937 log Kow - 0.006 (Brown and flag 1981) (16) 
log KoM = log Kow - 0.317 (Hassett et al. 1980) (17) 
log KoM = 0.544 log Kow + 1 -377 (Layman 1990) (18) 
log KoM = 0.53 . Ix + 0.54 (Sablijic 1987) (19) 
log KoM = 0.53 . Ix + 0.62 (Meylan et al. 1992) (20) 
log KoM = 0.64 AI + 0.16 (Okouchi and Saegusa 1989) (21) 
where S is the water solubility in ^ig/ml, Kow is the 1-octanol/ water partition 
coefficient, Al is the adsorbability index and ^ is the first order molecular 
cormectivity index for the different organic compounds studied. The log Koc obtained 
from equations (15) and (16) were evaluated in terms of log KQM and values obtained 
are summarized in Table 4. 
The predicted log KOM values for carbaryl were evaluated by substituting the 
appropriate values of the above coefficients for carbaryl in equations (15) to (21), the 
corresponding data being listed in Table 4. The predicted log KOM values obtained 
from the aqueous solubility and 1- octanol / water partition coefficient (Kow) of 
carbaryl were considered in error compared to those measured experimentally. 
However, when adsorbability index (Al) and first order molecular connectivity index 
(^ X) were taken into consideration, the predicted KOM values were very close to those 
observed experimentally. 
TABLE 4. Comparison of the Predicted log KQM Values Obtained from Equations 
(15-21) with Average of Experimentally Observed log KQM of Carbaryl Adsorption 
on Soils 
Average of experimental 
log KOM 
3.65 
Predicted value 
of log KOM 
2.29 
1.97 
2.04 
2.66 
3.32 
3.40 
3.43 
A^  
1.36 
1.68 
1.61 
0.99 
0.33 
0.25 
0.22 
%En-or 
37.26 
46.03 
44.11 
27.12 
9.04 
6.85 
6.03 
A = experimental log KQM- predicted log KQM 
%error = [1- (predicted log KQM / experimental log KQM) xlOO] 
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Hence, the latter two parameters are better for predicting the adsorption behaviour of 
carbaryl than aqueous solubihty and 1-octanol / water partition coefficient (Kow)- The 
value of adsorbability index (AI) and first order molecular connectivity index ('x) 
quantify the shape and size of carbaryl, hence, it can be said that structure of carbaryl 
has a dominant effect on the soil sorption process. 
The results of thermodynamic parameters obtained at 25° and 50° C for soils 
are summarized in Table 5. The higher values of thermodynamic equilibrium constant 
Ko at 25 than at 50° C for all the soil-carbaryl interaction, indicates the higher 
preference of carbaryl for soils at higher temperature. However, these values were 
higher for FSL soil followed by ASL, KL and BSL soils at both the temperatures 
again confirming the above order of carbaryl adsorption. The average of values in 
case of FSL, ASL, KL and BSL soils yielded 3.26 and 4.65 KJ/mole, L43 and 3.73 
KJ/mole, L22 and 3.29 KJ/mole, 0.52 and 0.81 KJ/mole at 25° and 50° C, 
respectively. The order of carbaryl adsorption on soils was in conformity with partial 
molar fi-ee energy changes. 
The higher adsorption of carbaryl on all the four soils at higher temperature 
(50° C) than at lower temperature (25°C) is attributed to the fact that increase in 
temperature might have increased the niimber of active sites on the soil organic matter 
(Valverde-Garcia et al. 1988; Khan et al. 1996; Bobe et al. 1997). However, Dao and 
Lavy (1978) who studied the effect of temperature on atrazine adsorption attributed 
this increase in adsorption with increase in temperature to the lowering in the 
activation energies of the reacting materials which is favoured by high temperature. 
Temperature is believed to exert an indirect influence on the adsorption process 
through its effect on solubility. An mverse relationship exists between the degree of 
adsorption and solubility. The net response to temperature change included the effect 
of temperature on solvent-solute affinity. The reported solubility of carbaryl in water 
at different temperatures are 120 mg/1 at 20° C (Tomlin 2003), 104 mg/1 at 25° C 
(Arroyo et al. 2004) and 40 mg/1 at 40° C (Meister 2001). It thus appears that 
adsorption reaction in this case will proceed with an input of heat and it partly is 
because of the solubility-temperature interaction. Similar results have been reported 
by Yamane and Green (1972) on their studies on adsorption of atrazine. 
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TABLE 5. Values of Various Thermodynamic Parameters for the Adsorption of 
Carbaryl on Soils at 25° and 50° C. 
Thermodynamic 
25°C 
Ko 7.28x10* 
AG" -39.15 
AH" 
AS" 
FSL 
SO^ C 
' 17.02x10* 
-44.71 
27.21 
0.222 
ASL 
25''C SO^ C 
2.42x10* 6.58x10* 
-36.42 -42.16 
32.01 
0.229 
KL 
25''C 50°C 
2.08x10* 5.72x10* 
-36.05 -41.79 
32.33 
0.224 
BSL 
25"C 50''C 
1.89x10* 5.28x10* 
-35.80 -41.57 
32.97 
0.231 
The standard free energy change AG° of the adsorption reaction was negative 
in all the four soils indicating the spontaneity of the process. More negative values of 
AG° at 50° C than at 25° C (Table 4) indicate high affinity of carbaryl towards soil at 
high temperature. The standard enthalpy change AH° was positive ranging from 27.21 
- 32.97 KJ mole"', and indicates the endothermic nature of the reaction. The positive 
values of standard enfropy changes AS recorded in the present investigation indicate 
the stability of soil-carbaryl complex in the system. The adsorption of the large 
carbaryl molecule displaces and desorbs many smaller molecules on the exchange 
complex. The net result is an overall enfropy increase for the total system (Greenland 
1965), rather than a decrease in the degree of randomness due to immobilization of 
carbaryl molecule (Biggar and Cheung 1973). 
CONCLUSIONS 
The adsorption of carbaryl in four texturally different Indian soils at two different 
temperatures viz. 25° and 50° C was studied using batch equilibrium technique. From 
the adsorption data at both the temperatures, the values of the Freundlich constant, KF 
and distribution coefficient, KD were calculated. The results obtained show that 
adsorption of carbaryl was higher at 50° C than at 25° C. As indicated by the KQC and 
Kc values, it was concluded that in addition to organic matter of the soils and other 
soil components also contribute to adsorption of carbaryl on soils. The negative 
values of AG° and positive values of AH° for the adsorption of carbaryl on all four 
soils indicated that it is a spontaneous endothermic process. In summary, the study 
showed that the high organic matter content in soils and high temperature contributed 
13 
to higher levels of carbaryl adsorption. Thus, whenever this combination of factors 
exists, the probabiHty of residual toxicity occurs. 
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